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ABSTRACT
It was demonstrated, using a homologous transgenic rice system, 5’ distal and 
proximal m-acting transcriptional regulatory elements were required for developmental 
control of a rice seed storage protein glutelin (Gtl) gene. The functional importance of 
proximal elements in the context of the 1.8 kb promoter was demonstrated by single 
substitution mutations in the TATA box (-2S/-23), AACA motif (-73/-61), and protein- 
binding Boxes I (-103/-86), II (-124/-110), III (-175/-158), and IV (-200/-217). A 
simultaneous mutation of five protein-binding sites (-410/-86) essentially eliminated the 
activity of the 1.8 kb promoter. To understand the function of the 5’ distal 675-acting 
upstream sequence, eighteen deletions were made in the region between -5.1k and -507, 
relative to the transcriptional initiation site. The results showed that the long distal cis- 
acting upstream sequence (-5.1k/-508) greatly enhanced quantitative expression of GUS 
reporter gene in developing endosperm and increased the number of plants showing high 
accumulation of pea 11S legumin in mature endosperm.
As an initial approach to increasing the lysine content of rice seed proteins for 
nutritional quality improvement, the bean 7S storage protein 6-phaseolin gene was 
introduced into rice. The highest quantity of phaseolin detected by ELISA was 4% of 
the total endosperm protein in the transgenic rice seeds under the direction of the 5.1 
kb Gtl promoter. The lysine content of the soluble protein fraction was significantly 
improved by 30% in these seeds. Phaseolin was stably deposited in mature rice seeds. 
Both phaseolin genomic and cDNA coding sequences produced phaseolin polypeptides 
with apparent molecular weights of 50.5, 47.7, 46.9 and 44.9 kd. Differential
glycosylation contributed to the apparent isoforms. The results indicated a promising 
avenue to improving the nutritional quality of rice.
CHAPTER 1 
INTRODUCTION
Eukaryotic Gene Expression
Plants and animals rely upon precise temporal and spatial control of gene 
expression to complete productive life cycles. All developmental steps involved in the 
life cycle are mediated by activation and repression of different sets of specific genes 
and their products. For most eukaryotic genes, the regulatory exacting  elements are 
present in the 5’ upstream sequence (reviewed by Maniatis et al., 1987). However, 
important regulatory elements were also found in transcribed regions or 3’ downstream 
sequences in some genes (Elliott et al., 1989). Many important cis-acting elements 
(motifs) are organized in modular structures (reviewed by Dynan, 1989). Detailed 
analysis of the cauliflower mosaic virus (CaMV) 35S promoter showed that 
combinations of different ds-acting modules resulted in variant effects on tissue specific 
expression (Benfey and Chua, 1990). So the interactions between these cis-acting 
elements are important for the activation or repression of gene expression during 
development. Positive or negative c/s-acting elements recognized by specific trans­
acting factors and common basal transcriptional factors could be organized, by 
synergistic, antagonistic or independent interaction, into a complex regulatory network 
determining the transcriptional activity of gene expression (reviewed by Miner and 
Yamamoto, 1991).
The c/s-acting regulatory elements fall into two basic classes, common and gene- 
specific. The most important element common to gene transcribed by RNA polymerase
1
II is the TATA box. It is usually found 20 to 30 bp upstream from the transcription start 
site and is required for efficient and accurate transcription. The TATA-box binding 
protein (TBP), one component of TFIID, binds specifically to the TATA box. The three- 
dimensional structure of TBP was resolved (Nikolov et al., 1992). The highly symmetric 
structure of TBP resembles a "molecular saddle" that sits astride the DNA. The DNA- 
binding surface is a curved, antiparalled 6-sheet When bound to DNA, the convex 
surface of the saddle would be presented for interaction with other transcription 
initiation factors and regulatory proteins. TFIIA, TFIIB, RNA polymerase II and TFIIF 
were assembled by interaction with TBP and ds-acting sequence around the 
transcription initiation site. The minimal components that was shown to be capable for 
transcriptional initiation in vitro of immunoglobulin heavy chain IgH gene include TBP, 
TFIIB and RNA polymerase II when the template is negatively supercoiled (Parvin and 
Sharp, 1993). But it has to be noted that not all functional promoters contain conserved 
TATA box sequence.
Transcription of most tissue-specific or inducible genes is mediated by the 
binding of specific DNA-binding proteins to their recognition sites, and the subsequent 
interaction of the bound proteins with the initiation complex which then activates or 
represses transcription by RNA polymerase II. Regulatory elements are often conserved 
between genes that are expressed in the same tissues or respond to the same 
environmental or developmental stimuli. Conserved DNA sequence motifs were 
identified in the plant gene promoters, such as G box and GT-1 box in the light- 
regulated ribulose-l,5-bisphosphate carboxylase small subunit gene (rbcS) and
3chlorophyll a/b binding protein gene {cab). The G-box, CACGTG, is associated with 
high transcriptional activity in rbcS (Donald and Cashraore, 1990) and cab genes (Luan 
and Bogarad, 1992). The putative transcription factor GBF (G-box factor) has been 
identified that binds in vitro to the G box of tomato, pea, Arabidopsis rbcS gene 
(Giuliano et al., 1988) or the Nicotinia plumbaginifolia cab-E gene (Schindler and 
Cashmore, 1990). Three genes encoding GBF have been isolated from Arabidopsis 
(Schindler et al., 1992). GBF belongs to the bZiP class of transcription factors with a 
basic DNA binding domain and a leucine zipper dimerization domain. The activity of 
GBF may be regulated by phosphorylation in response to light conditions (Klimczak et 
al., 1992). The GT-1 elements are usually present as multiple copies within the 
promoters of rbcS (Schindler and Cashmore, 1990) and cab genes (Green et al., 19987). 
Genes encoding GT-1 box binding proteins have been cloned. The predicted structures 
of GT-1 box binding proteins may contain a DNA binding domain of novel helix-helix- 
tum-helix structural motif (Dehesh et al., 1990; Gilmartin et al., 1992).
Recently, the interactions among the transcriptional factors, RNA polymerase and 
cA-acting elements in the context of chromatin structure leading to active initiation of 
RNA transcription have been under extensive study. Eukaryotic genomes are assembled 
with histones in "beads-on-a-string" chromatin structures, in which genes are usually 
suppressed by histones. Recent evidence suggests that transcriptional activation requires 
transcription factors to compete successfully with histones for binding to specific ex­
acting elements in promoters (reviewed by Felsenfeld, 1992).
Developmental Control of Seed Storage Protein Genes
Plant seed storage proteins serve as nitrogen and carbon sources for seed 
germination. The general features of seed storage protein gene expression are: (1) 
mRNA transcripts accumulate to high levels during early- to mid-maturation stages of 
embryogenesis and then decrease to low or undetectable levels by the late-maturation 
stage; (2) Seed storage protein genes are expressed exclusively in developing seeds 
during embryogenesis; (3) In addition to organ specificity, seed storage protein gene 
expression is restricted spatially within specific tissues in seeds (reviewed by Goldberg 
et al., 1989). For example, rice glutelin constitutes up to 80% of the total endosperm 
proteins, and is synthesized during the mid-stages of endosperm development (Yamagata 
et al., 1982). Expression of glutelin is restricted within endosperm tissue, quantitatively 
accumulated at the periphery of endosperm, but absent in the outermost aleurone layer 
(Bewley and Black, 1985). The seed-specific and temporal expression of storage protein 
genes is primarily under transcriptional control, although post-transcriptional processes 
may modulate the final amount of gene products. In agreement with this general 
scheme, rice glutelin mRNA is synthesized abundantly and efficiently translated in 
developing endosperm; no glutelin mRNA is detected in vegetative tissues (Okita et al.,
1989). Because of economic importance of seed storage proteins, and their abundance 
and stringent temporal and spatial regulation, tremendous efforts have been taken to 
understand the molecular basis underlying the high, tissue-specific expression during 
embryogenesis.
Some putative DNA motifs from both dicotyledonous and monocotyledonous 
seed-specific genes have been identified. For instance, the CATGCATG element is 
present in the promoters of 19 globulin genes and 6 out of 7 lectin genes from legumes 
that were examined (Dickinson et al., 1988). Deletion of 6 bp of the CATGCATG 
sequence within the legumin box of Viciafaba legumin gene LeB4 reduced expression 
by 100-fold in seeds (Baumlein et al., 1992). Internal deletion of the CATGCATG 
sequence from a soybean legumin gene also reduced expression by 10 to 20-fold 
(Lelievre et al., 1992). In spite of its conservation and function, DNA binding assays 
have failed to detect nuclear proteins which bind in vitro to the CATGCATG element. 
Cereal prolamine genes contain highly conserved -300 box, TGTAAAG. But deletion 
of this motif has little or no effect on the seed-specific expression (Thomas and Flavel, 
1990; Matzke et al., 1990; Halford et al., 1989). The CACA motif, AACACA, is 
present at a high frequency in the seed-specific genes from cereals (Reeves and Okita, 
1987). Rice glutelin genes contain the conserved AACA motif (-73 
AACAAACTCTATC -61) which is similar to the CACA core motif (Takaiwa and 
Oono, 1990; Takaiwa et al., 1991a). Substitution mutations of the AACA motif of rice 
glutelin Gtl gene significantly reduced 1.8 kb Gtl promoter gene activity by 20 to 100- 
fold in homologous transgenic rice plants (Zheng et al., 1993). Deletion of a 76 bp 
region containing a CACA element from a wheat gliadin gene also caused a significant 
decrease in gene expression (Aryan et al., 1991).
6Analysis of Cereal Storage Protein Gene Regulation
Identification of important cw-acting elements regulating the quantitative, 
temporal and spatial expression of seed storage protein genes by mutation analysis of 
gene promoters requires regeneration of a large population of transgenic plants. This has 
been done exclusively with dicot plants (tobacco, petunia etc.) because the reliable 
Agrobacterium mediated transformation system and efficient regeneration are found with 
these plants. Many seed storage protein genes have been shown to be correctly regulated 
in dicotyledonous transgenic plants. However, some of the cereal genes do not maintain 
seed-specificity. A maize zein gene (Ueng et al., 1988) and a rice glutelin gene (Gt3) 
promoters (Leisy et al., 1989) were found to be active in tobacco leaves as well as 
seeds. This suggests that not all the regulatory elements within cereal genes are 
recognized appropriately by the tobacco transcription factors. Interestingly, it was found 
that monocot and dicot rbcS genes employ different sets of czs-elements to achieve 
similar tissue-specific and light-responsive expression (Schaffner and Sheen, 1991). That 
finding explained why a wheat rbcS gene promoter is, but dicot (pea, tobacco, and 
Arabidopsis) rbcS gene promoters are not, active in maize mesophyll protoplasts. Earlier 
observations that the wheat rbcS pre-mRNA was not efficiently processed in transgenic 
tobacco (Keith and Chua, 1986) further indicated that significant diversity exists in gene 
expression machinery including transcriptional and post-transcriptional regulations 
between evolutionarily distant monocots and dicots. To facilitate the investigation of 
gene expression and regulation of cereal storage protein genes, an efficient transgenic 
rice system was developed (Hayashimoto et al., 1990). Analysis of a rice storage protein
glutelin gene in homologous transgenic rice has achieved high quantitative, stringent 
temporal and spatial expression similar to the resident glutelin gene expression patterns 
(Zheng et al., 1993).
Biosynthesis of Seed Storage Proteins
Seed storage proteins comprise about 10 to 30% dry weights of mature seeds. 
Osborne (1924) divided seed proteins into four groups on basis of solubility: albumin, 
globulin, prolamine and glutelin which are soluble in water, salt, alcohol and acidic or 
alkaline solutions, respectively. Prolamine is the predominant protein in most cereal 
seeds (wheat, maize, barley). However, the major storage protein in rice kernels is 
glutelin. The major storage protein in legumes and other dicotyledonous plants is 
globulin and, to a lesser extent, albumin (Shotwell and Larkins, 1989). Globulin is 
divided into two families (which have different mobilities in sucrose gradient): the 
glycosylated 7S vicilin and the non-glycosylated 1 IS legumin. The 7S storage protein 
from French bean (Phaseolus vulgaris) is termed phaseolin. Table 1.1 lists the physical 
properties of three major storage proteins: bean 7S phaseolin, pea 1 IS legumin and rice 
glutelin. Although the major seed storage proteins may differ in tissue specificity, 
solubility, size, structure and post-translational modification, they display a number of 
characteristic features which help distinguish them as storage proteins (Higgins, 1984). 
Consistent with their role as a reserve of nitrogen for the germinating seedlings, seed 
storage proteins tend to be rich in asparagine, glutamine and arginine. In addition, 
prolamine is exceptionally rich in proline. No biologically active functions were 
observed for these major storage proteins. In mature seeds, the storage proteins are
8Table 1.1. Physical properties of bean 7S phaseolin, pea 1 IS legumin and rice glutelin
Phaseolin Legumin Glutelin
Host Plant French bean pea rice
Tissue Specificity cotyledon cotyledon endosperm
% Total Seed 
Protein
50 80 fvith vicilin) 80
Solubility 0.5 M NaCl 0.5 M NaCl IN NaOH 
0.5% SDS
Sedimentation
Coefficiency
7S 1 IS 1 IS?
Structure trimer hexamer 
disulfide bonds
hexamer? 
disulfide bonds
Glycosylation yes no no
Amino Acids 
Composition*
6-type: 
Met 0.8% 
Cys 0% 
Lys 6.0%
Leg A: 
Met 0.8% 
Cys 1.0% 
Lys 4.4%
Gtl:
Met 0.8% 
Cys 1.6% 
Lys 2.4%
Asx 12.8% 
Glx 15.0% 
Arg 4.3%
Asx 12.5% 
Glx 18.0% 
Arg 9.7%
Asx 10.3% 
Glx 14.5% 
Arg 7.3%
"One representative mature gene product from each multigene family is used for 
illustration: bean 6-type phaseolin (Slightom et al., 1983), pea legumin Leg A (Lycett 
et al., 1984) and rice glutelin G tl (Okita et al., 1989). Asx = Asn + Asp; Glx = Gin + 
Glu.
9found predominantly in small (1 to 20 pM in diameter) organelles called protein bodies, 
which are surrounded by a single membrane of tonoplast or endoplasmic reticulum (ER) 
origin. Each seed major storage protein is encoded by a multigene family. Leguminous 
globulin and rice glutelin are synthesized initially on the rough ER. Signal peptides 
facilitate the translocation of nascent polypeptide chains into the lumen of the ER, 
where they accumulate transiently prior to transport to the Golgi and protein bodies. 
Post-translational modifications involve glycosylation (bean 7S phaseolin) (Sturm et al., 
1987) or. endoproteolytic processing at a highly conserved site between Asn and Gly 
residues (pea 11S legumin and rice glutelin) (Lycett et al., 1984; Takaiwa et al., 1987), 
oligomerization and finally assembly in protein bodies. After endoproteolytic cleavage, 
the acidic and basic subunits of 1 IS storage protein were linked by disulfide bonds.
In rice, two types of protein bodies exist (Yamagata et al, 1982). Type I contains 
prolamine; type II contains glutelin and globulin. The most recent study demonstrated 
that mRNAs of prolamine and glutelin were spatially separated during translation (Li 
et al., 1993). Prolamine mRNAs were attached directly to the membrane of prolamine 
protein bodies (so called protein body ER). Glutelin mRNAs were translated on the 
cisternal ER surface, and the products were then processed in ER lumen and targeted 
to vacuolar protein bodies. Earlier Okita et al. (1989) reported that although developing 
rice endosperm produced similar steady state levels of prolamine and glutelin mRNAs, 
glutelin mRNAs seem to be much more efficiently translated, leading to much higher 
accumulation of glutelin than prolamine. It will be interesting to know if the spatial
10
separation of mRNAs contributes to the differential translatability, and to understand the 
molecular basis of mRNA separation.
Amino acid sequence alignment revealed significant homology between legumin 
and glutelin, suggesting that the gene families that encode them may have arisen from 
a common ancestor (Takaiwa et al, 1987; Okita et a l, 1989). A common protein domain 
shared by 7S phaseolin and 11S legumin was also found (Gibbs et al., 1989). The 
common domain is duplicated in phaseolin, which corresponds to a structural repeat in 
the crystal structure of phaseolin (Lawrence et al., 1990).
Enhancement of Nutritional Quality
Plant seeds feed animals and human directly or indirectly, however, they do not 
provide balanced essential amino acids. Generally, plant seeds lack one or two essential 
amino acids (Higgins, 1984). Specifically, leguminous seeds are primarily deficient in 
methionine; cereal seeds deficient in lysine. The deficiency is largely determined by the 
low contents of the limiting essential amino acids of the major storage proteins (Table 
1.1). Tremendous efforts have been put in aiming to enhance the nutritional quality of 
seeds.
Experiences on conventional breeding tell that increase in the limiting essential 
amino acids is always adversely linked to the decrease of yield (Larkins, 1983). 
Identification of high-lysine maize mutant opaque-2 spurred screening for similar 
mutants in other crops (Mertz et al., 1964). The opaque-2 mutant reduced the zein 
(maize major storage protein, totally lacking lysine), thus increased the proportion of 
lysine-containing proteins. But the opaque-2 mutant also reduced the yield and changed
the texture of seeds, which rendered the seeds more susceptible to diseases (Loesch et 
al., 1976). Similarly, a high-lysine barley mutant (Hiproly) was identified (Hejgaard and 
Boisen, 1980), but the smaller seeds resulted in a yield penalty which was not 
ameliorated although over nearly 10 years had been put into breeding for higher yield 
in that mutant and its derivatives (Miflin et al., 1983).
As an alternative approach, direct expression of high-lysine proteins in cereal 
kernels is a promising avenue to achieving this goal. Recent technical developments in 
regeneration of fertile transgenic rice (Shimamoto et al., 1989; Hayashimoto et al., 1990) 
and maize (Gordon-Kamm et al., 1990), characterization of the storage protein 3-D 
structure (Lawrence et al., 1990), and understanding the developmental control of seed 
specific gene expression are promoting more feasible approaches to genetic engineering 
of seed storage proteins.
My dissertation research aimed to identify important c/s-acting elements 
governing developmental control of a rice glutelin gene (Gtl) in homologous transgenic 
rice, and to use this G tl gene promoter to achieve high quantitative expression of 
leguminous storage proteins in rice endosperm as an initial approach to the ultimate goal 
of nutritional quality improvement.
CHAPTER 2
IDENTIFICATION OF C/S-ACTING ELEMENTS IN THE PROXIMAL 
PROMOTER OF A RICE SEED STORAGE PROTEIN GLUTELIN GENE’ 
Introduction
Expression of cereal seed storage proteins is under strict developmental control, 
which provides an excellent system to study the mechanisms of spatial and temporal 
gene regulation. Glutelin, the major seed storage protein of rice, appears from 4 to 10 
days after flowering (DAF), and continues accumulation in the vacuolar protein body 
during the endosperm development (Yamagata et al. 1982). Glutelin genes consist of at 
least three subfamilies designated as G tl, Gt2, and Gt3. Each subfamily contains five 
to eight gene copies per haploid genome. Gtl and Gt2 promoter sequences are highly 
conserved in the proximal regions, while Gt3 shows little or no homology upstream of - 
125 in comparison with Gtl or Gt2. The highest steady state levels of Gtl and Gt2 
transcripts take place later than that of Gt3 transcripts (Okita et al. 1989).
A 980 bp 5’ upstream sequence of the Gt3 gene directed chloramphenicol 
acetyltransferase (CAT) gene expression in transgenic tobacco seeds. But some plants 
showed significant CAT activity in the vegetative tissues (Leisy et al. 1989). Using a 
type II glutelin gene (identical sequence to Gtl), Takaiwa et al. (1991b) reported that 
a region from -434 to -230 relative to the transcriptional initiation site was important to 
direct 8-glucuronidase (GUS) reporter gene expression in transgenic tobacco seeds.
Parts o f text and data included in this chapter were reproduced with permission (APPENDIX C .l) from 
the article by Zheng et al., (1993).
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However, the DNA-protein binding assay detected one protected site from -124 to -114 
by a nuclear factor from developing rice endosperm (Takaiwa and Oono, 1990). The 
faithful endosperm-specific and high level expression of GUS reporter gene under the 
control of the Gtl gene promoter was obtained in homologous transgenic rice plants. 
Unidirectional 5’-deletion analysis in homologous transgenic rice plants showed that the
1.8 kb Gtl promoter directed stringent spatial and temporal expression of GUS reporter 
gene (Zheng et al., 1993).
DNase I-foot printing analysis of a glutelin gene pGL5-l defined five protein- 
binding sites designated as boxes I to V in the proximal promoter region (Kim and Wu
1990). The glutelin gene pGL5-l shares a significant sequence identity to Gtl gene both 
in the coding region and in the 5’ flanking sequence. However, the functions of these 
protein-binding sites remains to be investigated. In this research, substitution mutations 
of nuclear protein-binding sites were introduced along with other putative cis-acting 
regulatory elements in the proximal region (-410/-10) of the 1.8 kb glutelin Gtl 
promoter. The results underlined the importance of the proximal promoter in 
developmental control and therein the importance of six critical c/s-elements that 
determine the transcriptional activity of the Gtl gene.
Materials and Methods
Sources ofDNA. The Gtl genomic clone was described by Okita et al. (1989). The GUS 
reporter gene was described by Jefferson et al. (1987). The firefly luciferase (LUC) 
reporter gene was kindly supplied as pD0423 by Dr. Donald R. Helinski, University of 
California San Diego (Ow et al., 1986). The hygromycin resistance gene cassette was
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constructed by Zheng et al. (1991). Oligonucleotides were synthesized by Oligos Etc. 
Inc. (Wilsonville, OR).
Substitution mutation and vector construction. pGtl contains a 1.8 kb 5’ flanking 
sequence, a 2.3 kb coding region, and a 3.3 kb 3’ flanking sequence of the Gtl gene 
(Okita et al., 1989). An EcoRI-Bglll fragment containing the 1.8 kb Gtl 5’ sequence 
was cloned in pBluescript KS (-) (Zheng et al., 1993). The proximal promoter from -507 
to +26 was used for substitution mutagenesis as described by Kunkel et al. (1987). Each 
synthetic oligonucleotide employed to mutate the corresponding wild type sequence 
contains one to three restriction endonuclease recognition sites (Table 2.1). The 
introduced restriction sites were used initially to screen for mutants and mutations were 
further confirmed by dideoxy chain-termination DNA sequencing (Sanger et al., 1977).
The GUS coding sequence and nopaline synthase (nos) terminator were isolated 
from pBI121 (Clontech) as a 2.2 kb BamHI/Bglll fragment and inserted into the 
introduced Bgin site of the G tl promoter (Zheng et al., 1993). The hygromycin 
resistance gene cassette in pTRA150 was used to select transformed protoplasts (Zheng 
et al., 1991). The 1.7 kb PstI fragment containing the modified hygromycin resistance 
gene (BamHI sites were eliminated) was cloned in the Nsil site of pBluescript KS(-). 
A reference glutelin gene consists of wild type glutelin 1.8 kb 5’ sequence, the LUC 
coding sequence and nos terminator from pD0432. A 1.8 kb BamHI-Smal fragment 
containing the LUC coding sequence and nos terminator was cloned between the CaMV 
35S promoter and the tumor morphology large (tml) terminator in pTRA105 
(Hayashimoto et al., 1990). The CaMV 35S promoter was replaced with the 1.8 kb wild
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Table 2.1. Synthetic oligonucleotides used to introduce substitution mutations in the 
proximal region (-410/-10) of glutelin 1.8 kb promoter
Oligo # Nucleotide Sequence
Introduced 
Restriction Site
1
-16 -10
T AT AAA.TGC ACGgctcgagCTC ATTGTTTC Xhol
2 GAGCCTTTATCTecaeeecccTGCACGATGAT PstlApal
3
-39 -33
ATGC AAG AGCgagctcgTCACT AT AAATGC Sac I
4
-60 -54
C AAACTCT ATCctgcaggTT AG ATGC AAG Pstl
5
-67 -61
GG AC ATT AAC A AAtetagagTTAAC ATTT AG AT Xbal
6
-81 -68 
CACTTCATGTCctgcagggcccgggCTCTATCTTAAC PstlApc&JSmal
7
-95 -85
CTTCATATATCATGtcgacagctggGTCTGGACATT SaH,Pvull
8
-110 -97
CGTGTACCACctgcagggcccgggGAGTCACTTC PstlApaLSmal
9
-125 -112
CATTATTCATCCAtgatcatggatatcCACTTCATATAT 5c/I,£coRV
10
-141 -129
CATATCTGTATGTCtgcagggcccgggCCACCTTTCG PstlApal£ma\
11
-165 -153
ACAATGCTGCtgcagggcccgggATCTGTATGTC PstlJipalJSmal
12
-180 -168 
AG AG AG AAAG ActgcagggcccggGCGTC AA.TT AT AC PstlApalJSmal
13
-196 -181
GTCATATTGCAAcgtgcacctcaggcctACAACACAATG ApaLl,StuI
14
-210 -197
CTTT ACATT ATCCctgcagggcccgggAAGAAAGAGAG PstlApaLSmal
15
-222 -209
AGAGGAGGGCctgcagggcccgggTCATATTGCA PstlApaLSmal
16
-411 -389
TGTT AG AAC ATActgcagggcccgggtgacgcgtcGT A 
-TTAGGCG
PstlApalSmaL 
& Mlul
The mutated sequences in Gtl proximal promoter are boldfaced and written in lower 
case letters, and their positions are numbered relative to the transcription initiation site.
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type Gtl promoter. Hindm ends of 3.9 kb fragment containing the reference glutelin 
gene were converted to Spel ends using HindlH'-SpeT adaptors: 
5’-AGCTACTAGT-3’
3 ’ -TG ATC ATCG A-5 ’.
To construct mutant glutelin genes, a Clal (-507) site in the 1.8 kb Gtl promoter 
was converted to a Hindm site. An EcoRI-Hindin fragment containing the sequence 
from -1.8k to -508 was joined with a HindHI-BamHI stuffing fragment. A Kpnl site 
5 ’ of the Gtl promoter was converted to a Nsil site by inserting a Kpnl+-Nsil+ adaptor: 
5 ’ -C ATGC ATGGTAC-3 ’
3’-CATGGTACGTAC-5\
The Spel fragment containing the reference glutelin gene was inserted into the 
Spel site of the resulting plasmid. A 2.2 kb BamHI-Bglll fragment containing the GUS 
coding sequence and nos terminator was cloned into the BamHI site. Finally, the 
Hindffl-BamHI stuffing DNA fragment was replaced with the mutated Gtl proximal 
promoter, forming a double gene vector as shown in Figure 2.2.
Transgenic rice production. Protoplasts of the rice (Oryza sativa L.) cultivar 
Nipponbare were used for polyethylene glycol (PEG)-mediated transformation (Li et al., 
1990). Rice Labelle nurse cells were kindly provided by Dr. Milton C. Rush of this 
department.
Calli were initiated from mature seeds cultured on solid MS2 medium containing 
2 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D) at 27°C in dark. After two weeks the 
primary scutellum-derived calli were subcultured once on the same medium. The friable
secondary calli were transferred into liquid General medium containing 1 mg/L 2,4-D. 
The suspension culture was subcultured weekly with gende shaking (85 rpm) at 27°C 
under the dim light (8.4 pE.M‘2.S_1). The protoplasts were isolated from the two- to five- 
month-old suspension cultures treated with 4% Cellulase RS and 1% Macerozyme R-10 
(Yakult Honsha Co., Tyoko, Japan) in 0.4 M mannitol solution at 30°C. One million 
protoplasts in 1 mL suspension were mixed with 20 pg plasmid DNA, and then 40% 
(w/v) PEG-8000 solution was added to the final concentration of 25% (w/v) at room 
temperature. After 15 min PEG was washed out and the protoplasts were embedded in 
8 mL warm (40°C) agarose-containing protoplast medium. The solidified agarose sheet 
in a 100-mm petri dish was cut into small blocks (1 cm2) and co-cultured with the nurse 
cells in liquid protoplast medium containing 1 mg/L 2,4-D and 0.4 M sucrose with 
gende shaking (30 rpm) at 27°C in dark. The transformed protoplasts embedded in the 
agarose blocks were subcultured 10 days after transformation, and selected with 95 pM 
hygromycin B (Sigma) 4 days after the first subculture. After 10 day selection, the 
hygromycin B was washed out and the resistant colonies in agarose blocks were 
transferred to soft agarose medium containing 1 mg/L 2,4-D. After 14 days at 27°C, the 
resistant calli were transferred to solid MS regeneration medium containing 0.50 mg/L 
indole-3-acetic acid and 0.8 mg/L 6-benzylaminopurine (Cao et al., 1990). The calli 
were cultured on the regeneration medium for 30 days at 30°C under daily cycles of 16 
hours of light (56 pE.m^.s'1) and 8 hours of darkness. The calli producing shoots and 
roots were subcultured once before the seedlings were transplanted to the greenhouse.
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GUS and LUC assay. Segregation of the introduced GUS/LUC gene cassette in 
FO seeds was expected and therefore at least ten seeds were collected and analyzed at 
4, 8, 12, 16 and 20 DAF. Seeds were frozen instantly in liquid nitrogen and stored at - 
80°C until use. Rice endosperms were crushed to a fine powder in liquid nitrogen and 
homogenized at 4°C in 1 mL buffer (K3P04, 100 mM, pH7.6; DTT 45 pM) per 100 mg 
sample in a Brinknman homogenizer. The homogenate was mixed in a shaker, 
centrifuged, and the supernatant was used for GUS, LUC, and total soluble protein 
assay. A fluorometric method was used for GUS assay (Jefferson et al., 1987). 
Enzymatic kinetic assay was done at 0, 15, 30, and 60 min after reaction. For 
histochemical staining of GUS activity, hand-cut thin sections of leaves, stems or 
endosperms were incubated in 2 mM 5-bromo-4-chloro-3-indolyl glucuronide (X-Gluc) 
(Clontech Inc.), 100 mM Na3P 0 4, pH7.0, 0.5% Triton-X 100 at 37°C for 24 hr. To 
enhance the detection of blue GUS staining in the green background, the sections were 
boiled in 95% ethanol for 2 to 5 minutes to remove chlorophyll. A luciferase assay kit 
(Promega Co.) was used to determine the concentration of luciferase using firefly D- 
luciferase (Sigma) as a standard. Light intensity was measured instantly with a 
scintillation counter (Beckman L S I801) by counting manually for 0.5 min. Total protein 
content was determined by the method of Bradford (1976) using bovine serum albumin 
as a standard.
Data treatment. The GUS activity is normalized by the total soluble protein. In 
order to minimize the variations in GUS assay, sampling and plant physiology, their 
logarithmic GUS activities during middle stage endosperm development (8, 12, 16, 20
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DAF) were averaged and represented for each plant. Nontransformed plants or plants 
transformed without GUS gene were used as negative controls. Data were statistically 
analyzed by t-test. Log GUS activity for each plant not different from the negative 
control at 95% confidence level was considered GUS-negative. Log GUS activity 
slightly higher than the negative control was individually confirmed by pooled t-test. 
Only the log GUS activities of positive plants (95% confidence level) were averaged for 
each construct except for the construct having no GUS-positive plants. A two-sample 
t-test was used to compare the statistic difference between two constructs.
Results
Substitution mutations introduced into the proximal region o f the 1.8 kb promoter. To 
further define the importance of proximal c/s-acting regulatory elements within the 
context of the 1.8 kb promoter, substitution mutations were introduced. The 1.8 kb 
promoter was chosen because it conferred moderately high GUS activity and tight 
spatial and temporal control identical to the 5.1 kb promoter (Zheng et al., 1993). Table
2.1 lists the 16 GC-rich oligonucleotides designed to substitute the wild type sequences 
(notably AT-rich) from -411 to -10 relative to the transcription initiation site, including 
the putative TATA box (Okita et al., 1989) and five protein-binding sites, designated as 
Boxes I to V, identified by Kim and Wu (1990). The mutated sequences are indicated 
in bold face above the wild type sequence in Figure 2.1. Where two introduced 
substitution sequences overlap a protein binding site, the downstream half of the Box 
was designated part a, and the upstream half part b. In addition, Box I-proximal AT-rich
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16 I'398
ctgcagggcccgggtgac gcgtc
AACCCATAAGTCACGTTTGATGAGT......TGCCTTTCGTGTCAAAAAG -231
(TAAC) (A)
Box V Box II'
14
15 i'214 ctgcagggcccggg 13
ctgcagggccoggg cgtgcacctcaggcct
AGGAGGGCTTTACATTATCCATGTCATATTGCAAAAGAAAGAGAGAAAGA -181 
(C)
Box IV
12 11 I'155 10
ctgcagg-gcccgg tgcagggcccggg tgcagggccc
ACAACAC-AATGCTGCGTCAATTATACATATCTGTATGTCCATCATTATT -13 2 
(A) (A) (T)
Box III
9 8 4‘101 7
ggg tgatcatggatatc ctgcagggcccggg tcgacagctgg
CATCCACCTTTCGTGTACCACACTTCATATATCATGAGTCACTTCATGTC -82
(C)
Box II Box I
5
6 tctagag 4 3
ctgcagggcccggg ctgcagg I"48 gagctcg
TGGACATTAACAAACrcrArCTTAACATTTAGATGCAAGAGCCTTTATCT -3 2 
AACA motif
2 1
gcagggccc gctcgag 4"8
CACTATAAATGCACGATGATTTCTCATTGTTT +1
Figure 2.1. Physical organization of the Gtl proximal promoter. The mutated sequences 
are boldfaced and written in lower case letters over the wild type Gtl sequences and 
numbered as corresponding oligonucleotides (Table 1.1). The transcription initiation site 
(+1) is from Okita et al.(1989). Boxes I to V (underlined) are nuclear protein-binding 
sites detected by DNase I-foot printing experiments in vitro (Kim and Wu, 1990). Their 
original sequences in pGL5-l were bracketed wherever the nucleotides are different 
from G tl. Box 11’ is a Box II-like sequence, without any reported protein-binding 
activity (Kim and Wu, 1990; Takaiwa and Oono, 1990). The putative TATA box is 
boldfaced. AACA motif is the conserved sequence in all six glutelin genes sequenced 
to date (Takaiwa and Oono, 1990; Takaiwa et al., 1991a). Vertical arrows with 
nucleotide positions indicate the 5’-end positions of 5’-deletion constructs (Zheng et al., 
1993) denotes the sequence not shown.
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sequences, including an AACA motif (Takaiwa and Oono, 1990; Takaiwa et al., 1991a) 
and the TATA box were also substituted.
To detect subtle differences brought about by the substitution mutations, a 
double-gene construct was initially designed as shown in Figure 2.2. It was attempted 
to normalize GUS reporter gene activity directed by a mutated test promoter over a LUC 
reporter gene activity directed by the wild type reference promoter. To avoid the 
interaction of the wild type and mutated promoters, inverted transcriptional directions 
were used, and the tml and nos terminators were placed adjacent. The double-gene 
vectors were used to transform rice protoplasts. Five hundreds fifty-nine plantlets were 
regenerated from 4,295 independently transformed calli. Among the 393 mature plants 
grown in the greenhouse, 202 plants set viable seeds. When the levels of the reporter 
genes were assessed, the correlation coefficients between GUS and LUC activities were 
very low (<0.1) among the plants that showed both detectable GUS and LUC activities 
directed by the same wild type promoter. This suggests that transcription from two 
linked inverted genes did not occur proportionally, resulting in non-corresponding 
expression of two linked transgenes. Similarly, no proportional expressions of transferred 
linked genes were reported by other groups (Peach and Velten, 1991; Dean et al., 1988). 
In the experiments described below, only GUS activity was used to analyze the activities 
of mutated glutelin promoters.
Mutations in nuclear protein-binding sites reduced 1.8 kb promoter activity. To 
determine the effect of the proximal substitution mutations in the context of 1.8 kb 
promoter, the GUS reporter gene activities were measured independently in developing
22
Hph Gt(m utated) Gus
/ / / / / / / /  A
Luc
3 - f
G t(w ild -typ e )
1
-1.8 kb H Bg/Bm 
-5 0 7  +26
k26 -1.8 kb
Figure 2.2. Double-gene vectors were used to analyze substitution mutations of the 1.8 
kb promoter. A Clal site (-507) in wild type Gtl promoter sequence was converted to 
a Hind III site, and this conversion resulted in 20-bp insertion. The 0.53 kb HindlH- 
BglH fragment containing the proximal promoter was subcloned to introduce substitution 
mutations. Arrows indicate transcriptional directions. Gt, 1.8 kb Gtl promoter; Gus, 6- 
glucuronidase coding sequence and nos terminator, Luc, luciferase coding sequence and 
tml terminator, Hph, hygromycin resistance gene cassette. H, Hindlll; Bg, Bglll; Bm, 
BamHI.
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seeds at 8, 12, 16, and 20 DAF, averaged over 4 days for each plant, and summarized 
in Figures 2.3 and 2.4.
Figure 2.3 summarizes the levels of GUS activities of 1.8 kb promoter constructs 
containing substitution mutations of the five protein-binding sites. Mutation in Box la, 
lb, II, Ilia, or IVa reduced the 1.8 kb promoter activity by 10 to 200-fold (P<0.05). Box 
V mutation (2 plants, data not shown) did not alter 1.8 kb promoter activity. Double 
mutation in Box la/II (3 plants, data not shown) or Box Ia/IVa (6 plants) confened GUS 
activity similar to that of single mutations. Box V mutation in addition to these double 
mutations did not change the promoter activity. Even a combined four-box mutation in 
BoxIa/II/TVa/V did not further lower GUS activity (2 plants, data not shown). These 
results may indicate that ds-elements in Boxes I, II, and IV do not interfere with each 
other in governing the promoter activity. When all five protein-binding sites, Box 
Ia/II/IVa/V plus Box Ilia (1 plant, data not shown) or Illb (4 plants were substituted 
simultaneously, the mutated promoter had a GUS activity which was significantly lower 
than the wild type by 500-fold (P<0.001), and only 3-fold higher than the negative 
control. Box IE may synergistically interact with another box, most likely with Box I. 
It was concluded that Box I, E, IE and IV are critical ds-elements in governing the 
quantitative expression of 1.8 kb promoter activity.
TATA box or AACA motif mutation also reduced the 1.8 kb promoter activity. 
To define the functional significance of other putative proximal ds-elements, additional 
mutations were introduced, singly or in combinations, into the proximal region of 1.8 
kb promoter. Figure 2.4 summarizes the mutation effects in transgenic plants. TATA box
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Protein-Binding Box Mutations Log G us (Pmoie/mg/min)
Figure 2.3. Single or combined mutations of protein-binding sites reduced the 1.8 kb 
glutelin promoter activity in developing endosperm. The relative positions of mutated 
protein-binding boxes (illustrated as open boxes) in the context of 1.8 kb promoter are 
shown at left, and the corresponding GUS activities are at right. The number of plants 
are: WT (wild type 1.8 kb promoter), 5; IVa, 5; Ilia, 12: II. 5; lb, 7; la. 8; Ia/IVa, 6; 
Ia/IVa/V, 4; Ia/n/V, 8; la/H/IRb/TVa/V, 4; CTR (untransformed control), 6. The numbers 
represent GUS-positive plants only except for CTR. Bars indicate the standard errors.
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Log GUS (pmole/m g/m in)TATA Box and AACA Motif Mutations
■81/-63 (AACA)
67/-61 (AACA)
31/-23 (TATA)
Figure 2.4. TATA Box and AACA motif mutations reduced the l .8 kb glutelin 
promoter activity in developing endosperm. The relative positions of mutated sequences 
(illustrated as open boxes) in the context of 1.8 kb promoter are shown at left, and the 
corresponding GUS activities are at right. The number of plants were: WT (wild type
1.8 kb promoter), 5; -196/-181, 4; -81/-68, 4; -67/-61, 9: -60/-54. 5; -31/-23, 5; -60/-54,- 
31/-23, 5; CTR (untransformed control), 6. The numbers represent GUS-positive plants 
only except for CTR. Bars indicate standard errors.
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mutation (-31/-23) reduced the 1.8 kb promoter activity by more than 10-fold. A 
combined mutation of TATA box and -60/-54 resulted in lower GUS activity than the 
single TATA mutation. Single mutation in -67/-61 or -81/-68 significantly reduced GUS 
activity by 20 to 100-fold (P<0.05). The -67/-61 and -81/-68 regions cover the AACA 
motif (Takaiwa and Oono, 1990; Takaiwa et al., 1991a). Results demonstrated that the 
putative TATA box and AACA motif are important m-elements. In contrast, all other 
mutations had lesser effects and did not statistically reduce GUS activity (P<0.05). 
These mutated regions included -16/-10 (2 plants, data not shown), -60/-54 (5 plants), 
-142/-129 (2 plants, data not shown) and -169/-181 (4 plants).
Substitution mutations in the proximal promoter did not alter spatial control. No 
histochemical staining for GUS activity was detected in leaf and stem sections of 
vegetative plant bodies with all of the 393 transgenic rice plants examined. Figure 2.5 
shows that strong GUS activity was exclusively restricted to within the endosperm and 
was not detectable in the embryo of a developing seed containing a G tl 1.8 kb 
promoter-GUS fusion gene. The blue staining appeared first at the periphery of the 
endosperm, gradually moving towards the inner endosperm tissue. When all five protein- 
binding sites (Boxes I to V) were mutated, no GUS activity was also detected in the 
vegetative parts of transgenic plants. The results indicated that these mutations in the 
proximal promoter did not alter the spatial control of the 1.8 kb glutelin promoter, 
which duplicated the endosperm-specificity of resident glutelin gene expression, 
preferably at the periphery region of the endosperm.
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Figure 2.5. Endosperm-specific expression of GUS reporter gene. Left immature seed 
is from a plant transformed by a 1.8 kb Gtl/GUS fusion gene. Right one is from a non­
transformed plant. Blue staining represents GUS activity.
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Discussion
Analysis of the Gtl gene promoter in heterologous tobacco indicated that a major 
positive element resides in the proximal region -434/-230, and that no other major 
elements were found in the region up to -1329 (Takaiwa et al., 1991b). However, both 
the 5’-deletion (Zheng et al., 1993) and substitution mutation (in Box V) analyses 
presented here failed to demonstrate the critical importance of this region. These results 
suggest that the transcription factors in tobacco seeds fail to recognize the critical 
sequence elements of the rice Gtl gene promoter. It was found that maize rbcS 
promoter activity depended on sequence elements not found in dicot rbcS promoters 
(Schaffner and Sheen, 1991), suggesting that a divergent mechanisms of gene regulation 
exists between dicots and monocots. The Gtl promoter was much less active in tobacco 
seeds than in rice seeds. The 1.3 kb Gtl promoter directed less GUS activity in 
developing tobacco seeds than the CaMV 35S promoter (Takaiwa et al., 1991b). 
However, the following deletion analysis showed 1.3 kb Gtl promoter directed GUS 
activity at a rate nearly 50-fold higher than the CaMV 35S promoter in rice plants 
(Chapter 3). The low ratio of GUS activity in seeds compared to vegetative tissues in 
tobacco plants was also apparent. The rice transformation system provides a basis for 
accurate determination of cU-elements regulating the rice seed storage protein gene 
activity during endosperm development.
The results from single and combined mutations of these five protein-binding 
sites demonstrated that Boxes I, II, IH and IV are critical cw-acting regulatory elements 
in the 1.8 kb glutelin promoter. As a single mutation in Box V failed to direct a lower
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GUS activity, the result suggests that this sequence motif may not be essential for the
1.8 kb promoter activity. Combined mutations of all five protein-binding sites essentially 
eliminated the promoter activity. This suggests that a synergistic interaction may exist 
between Boxes I, II, ID, and IV. For example, Box I may synergistically interact with 
Box III. Okita et al. (1989) noted that Box I and in  contain a sequence TGA/CGTCA 
which is similar to the API binding motif TGAC/GTCA (Curran and Franza, 1988). 
Mutations in Box la and Box ffla changed TGA/CGTCA motif to TGtcgac and 
TGCtgCA, respectivly; Box lb and Box fflb changed TGA/CGTCA motif to 
gGA/CGTCA (Figure 2.1). Box la and Box ffla mutations had greater effects than Box 
lb and Box fflb mutations (2 plants, data not shown), respectivly (Figure 2.3). This 
result supports the concept that TGA/CGTCA is an important m-element, but the 
surrounding sequence may also affect promoter activity. Box II appears to be a critical 
czs-element. Removal of region -155/-100 containing Box II dramatically reduced the 
promoter activity (Zheng et al., 1993). Box II (-125/-112) mutations reduced 1.8 kb 
promoter activity by 35-fold (Fig. 2.3).
Abscisic acid (ABA) stimulates some seed storage protein biosynthesis, at least 
partly due to the increased transcription rate (DeLisle and Crouch, 1989). It is interesting 
to note that Box II sequence resembles the known ABA-responsive element (ABRE). 
Comparison of Box II sequence with known ABREs of wheat Em (Guiltinan et al., 
1990), and of rice rab 16 (Mundy et al., 1990) genes are shown in Figure 2.6. Both Em 
and rab 16 gene products accumulate in seeds late during embryogenesis. Guiltinan et 
al. (1990) reported that 50-bp ABRE of wheat Em is sufficient to induce gene
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E m 1 a E m 2 E m 1 b
Em'
1 5 2 - 1 0 3
Motif
r a b  C=HZZhC
- 1 7 7 -66
B
Box II' IV III II
Gti— c z j — c = h = z i------ izz>
- 2 4 0  - 1 1 9
Emla GACACGTGGCGC
Emlb cACACGTGcCGC
Motif I cgtACGTGGCGC
Motif I' atgcCGTGGCaa
Box II ctttCGTGtacC
Box II' ctttCGTGtCaa
Figure 2.6. Box II resembles known ABA-responsive elements (ABREs). A. Schematic 
representation of ABREs elements. There are two conserved elements in ABREs of 
wheat Em (Guiltinan et al., 1990), rice rab- 16 (Mundy et al., 1990), and putative ABRE 
of rice glutelin G tl. Emla and Emlb of Em gene, or Motif I and Motif I’ of rab- 16A 
gene, or Box II and Box II’ of Gtl gene are conserved elements (see B), but only one 
of two conserved elements was recognized by a nuclear factor. Between these two 
conserved elements are located other nuclear protein-binding sites: Em2 of Em gene, 
Motif 13 of rab- 16 gene, or Box in and Box IV of Gtl gene. The numbers indicate the 
position of these conserved elements relative to transcription initiation site. B. 
Nucleotide sequences of these conserved elements in ABREs. Lowercase letters indicate 
nucleotides different from Emla. The four-nucleotide core sequence CGTG is conserved.
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expression by ABA in rice protoplasts. The putative ABRE contains two similar 
sequences: Emla and Emlb of Em gene, Motif I and I’ of rab-16 or Box II and IT of 
Gtl gene. But only Emla, motif I, or Box II is known to be recognize by a nuclear 
protein (Kim and Wu, 1990; Takaiwa and Oono, 1990). Emlb, motif I’ or Box II’ is not 
shown to be protected by a nuclear protein. Em l, motif I, and Box II shared a conserved 
core four nucleotides CGTG at the middle of binding sites. It is likely that Box II 
binding protein is a leucine zipper protein with a basic DNA binding domain (bZiP), 
since both Eml and motif 1 binding proteins belongs to a bZiP family.
These substitution analyses indicate that no redundancy of functional ds-elements 
exists in the distal promoter that would compensate the substitution mutations introduced 
at the proximal region (-175/-86). Functional redundancy of GT-1 binding sites in the 
Arabidopsis rbcS-lA promoter was observed by substitution mutations in the proximal 
region in the context of 1.7 kb promoter (Donald and Cashmore, 1990).
In addition to these protein-binding sites, the conserved TATA box (-28/-23), and 
AACA motif (-73 AACAACTCTATC -61) are critical ds-elements (Fig. 2.4). Mutation 
of the putative TATA box from TATAAA to gggccc reduced by 10-fold, but did not 
abolish the 1.8 kb promoter activity. It is not known whether the TATA-like sequence 
TTTAT (-38/-34) or any other sequence might substitute the function of the mutated 
putative TATA box. It was reported that the 13-bp AACA motif was conserved in all 
six glutelin genes sequenced to date (Takaiwa and Oono, 1990; Takaiwa et al., 1991a).
It is possible that some of the substitution mutation effects were due to disruption 
of AT-track in the proximal promoter. These mutations include site 1 (-16/-10), 3 (-31/-
23), 4 (-60/-54), 6 (-81/-68) and 10 (-141/-129). High mobility group proteins (HMG) 
bind to AT-rich tracts in many plant gene promoters (Pedersen et al., 1991), and may 
play a role in facilitating assembly of functional nucleoprotein structures. Thus, some 
of the mutations might have induced unfavorable chromatin structures for gene 
expression.
Here, six critical m-elements were identified in the proximal promoter, i.e. 
TATA box, AACA motif, Boxes I, II, HI, and IV. Combined mutations of five protein 
binding sites essentially eliminated the 1.8 kb promoter activity. These proximal cis- 
elements were apparently required for quantitative expression of the Gtl gene in rice 
endosperm. Furthermore, these proximal elements may mediate the regulatory activity 
of the 5’ distal upstream sequence to exert temporal and spatial control of the Gtl gene.
CHAPTER 3
QUANTITATIVE EXPRESSION OF A RICE SEED STORAGE 
PROTEIN GLUTELIN GENE WAS GREATLY ENHANCED 
BY ITS 5’ DISTAL C/S-ACTING SEQUENCE
Introduction
Although the temporal and spatial expression patterns of introduced genes in 
transgenic plants have been usually retained, the low expression level of the transgene 
has become an obstacle for efficient use of transgenic plants (Benfey and Chua, 1989; 
Mason et al., 1992). Control of higher quantitative gene expression, in many cases, is 
assigned to enhancers or upstream activating sequences. Recently, SARs (scaffold 
attachment regions) were shown to elevate and normalize gene expression in stable 
transformants, and they are often co-mapped with the enhancers or upstream activating 
sequences (Breyne et al., 1992; Allen et al., 1993).
Rice glutelin is the major seed storage protein of rice endosperm, constituting 
80% of the total seed protein. Rice glutelin genes are a small multigene family, 
consisting of three subfamilies, G tl, Gt2 and Gt3 (Okita et al., 1989). The glutelin genes 
have strong promoters controlling strict temporal and spatial expression mainly on the 
transcriptional level. It turned out that high quantitative gene expression in seed of 
cereal storage protein gene promoters could be duplicated in transgenic rice (Zheng et 
al., 1993). A successful rice protoplast transformation and regeneration system 
(Hayashimoto et al., 1990) has allowed to regenerate a large number of transgenic rice 
plants. Homologous transgenic rice makes it feasible to study the mechanism of high
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quantitative expression of a glutelin gene in rice endosperm. By using this system, I 
have identified six critical cA-acting regulatory elements in the proximal promoter 
required for the developmental control of Gtl gene. In this chapter, I further analyzed 
the functions of the 5’ distal upstream sequence from -5.1k to -508 bp by internal 
deletion analysis. The results confirmed the importance of this distal upstream sequence 
in enhancing the quantitative activity of the proximal promoter. The data give new 
insights into the upstream activators of gene expression and also have important 
implications in using a native gene promoter to achieve a high expression level. 
Materials and Methods
Deletion mutation and vector construction. The 5.1 kb promoter sequence of the 
Gtl gene was isolated from Lambda El genomic clone (Okita et al., 1989). A Bglll site 
(+45/+50) was introduced into the untranslated leader sequence 13 bp upstream of the 
G tl initiation codon by site-directed mutagenesis (Kunkel, 1987) as described in chapter 
2. The 5.1 kb Kpnl-Bgin fragment was cloned in pBluescript KS, and the restriction 
map was constructed by single and multiple digestion using dozens of restriction 
enzymes. One or two restriction fragments were deleted between -5.1k and -508 in each 
construct using appropriate restriction enzyme sites. The resulting fragment was ligated 
after the ends were repaired when necessary using either Klenow fragment of E. coli 
DNA polymerase or T4 DNA polymerase. pTRA361 lost 0.43 kb BstEII fragment of 5.1 
kb Gtl upstream sequence; pTRA362 lost 0.99 Kpnl-BstED fragment; pTRA363 lost 
0.86 kb Apal-BspEI fragment; pTRA364 lost 0.44 kb BspEI-Ndel fragment; pTRA365 
lost 0.86 kb Aval fragment; pTRA366 lost 1.72 kb Apal-Aval fragment; pTRA367 lost
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2.1 kb StuI fragment; pTRA368 lost 0.7 kb Pstl-EcoRI fragment; pTRA369 lost 1.1 kb 
AccI fragment; pTRA370 lost 0.86 kb Aval and 0.5 kb EcoRI-AccI fragments; 
pTRA371 lost 2.7 kb Apal-AccI fragment; pTRA372 lost 3.7 kb KpnI-AccI fragment; 
pTRA373 lost 1.1 kb Clal fragment; pTRA374 lost 1.27 kb EcoRI-Nsil fragment; 
pTRA375 lost 2.0 kb Pstl-Nsil fragment (See Fig. 3.2, 3.3, and 3.4). pTRA311, 
pTRA312 and pTRA313 contain 5.1 kb, 1.8 kb and 507 bp of Gtl gene upstream 
sequences, respectively (Zheng et al., 1993).
A 1.3 kb kanamycin resistance gene (karf) (KSAC, Phamacia) was inserted next 
to a 1.7 kb hygromycin resistance gene {hph) cassette of pTRA141 (Zheng et al., 1991). 
The GUS coding sequence and nos terminator in pBI121 (Clontech) were obtained as 
a 2.2 kb BamHI/Bglll fragment. A Kpnl linker was inserted at the Bglll site. The 
combined kanr-hph cassette was isolated as a 3.0 kb Kpnl fragment and inserted into the 
introduced Kpnl site in pBI121. The resulting gus-kanr-hph fragment was isolated as a
5.2 kb BamHI-Bgin fragment and fused with mutated Gtl promoter at the Bglll site, 
forming the transformation vectors (Fig. 3.1).
The pea 1 IS legumin genomic and cDNA coding sequences were obtained in the 
plasmids pP6 and cDNApPS 15-75, respectively, from Dr. Grantley Lycett of Department 
of Botany, University of Durham, UK (Lycett et al., 1984). For construction of glutelin 
promoter-legumin coding sequence fusion genes, a Bglll site was created 6 bp upstream 
of the initiation codon in the legumin genomic coding sequence by site-directed 
mutagenesis using a mutagenic primer GAAGAGAGATCTTAAGAG (Bglll site was 
underlined). The cDNA clone was sequenced, and was found not to contain a complete
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legumin coding sequence. The N-terminal coding sequence (+1 to +144 relative to the 
initiation codon) of the legumin coding sequence was missing. A mutagenic primer 
CTCAATGAGCCCACCTTCCGATTCTATACGGTTATCAGGCTCGAGTCTAGAG 
CGGCCGCC was used to introduce a 30-bp sequence (underlined) from the Xhol site 
to +144 according to the published sequence of LegA (Lycett et al., 1984). The resulting 
cDNA sequence as a Xhol-Ndel fragment was ligated to the genomic BglE-XhoI 
fragment at the 5’-end and to the genomic Ndel-BamHI fragment at 3’-end, respectively, 
resulting in a full cDNA sequence. Both legumin genomic and cDNA coding sequences 
were placed under the control of either 5.1 or 1.8 kb Gtl promoter. A hygromycin 
resistance gene cassette was introduced to all final expression vectors pTRA325, 
pTRA326, pTRA329, and pTRA330 (Fig. 3.6).
Transgenic rice production. Protoplasts of the rice (Oryza sativa L.) cultivar 
Nipponbare were used for PEG-mediated transformation and the protocol followed after 
Li et al. (1990) as described in Chapter 2.
GUS assay and data treatment. As described in Chapter 2.
Quantitative determination o f pea legumin. Endosperms were isolated from 
mature transgenic rice seeds and homogenized in PBS (1 mL/10 mg, 0.5 M NaCl) with 
a Brinkmann homogenizer. After mixing at 4°C for 30 to 60 min, the homogenate was 
centrifuged and the supernatant was collected and stored at -20°C. Pellets containing 
prolamin and glutelin fractions were solubilized in 1 N NaOH. Legumin content in the 
supernatant was determined by ELISA using sheep anti-legumin antibody conjugated to 
alkaline phosphatase (Engvall and Perlmann, 1972). Purified pea legumin and sheep
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anti-legumin antibody were kindly supplied by Dr. Thomas J. V. Higgins at CSIRO 
Division of Plant Industry, Australia. Total protein contents were determined by 
Bradford method using bovine serum albumin as a standard (Bradford, 1976).
SDS-PAGE and western blot. Proteins were separated by discontinuous 12% 
SDS-PAGE and then stained with Coomassie blue or electrophoretically blotted onto a 
nitrocellulose membrane. Sheep anti-legumin antibody conjugated to alkaline 
phosphatase and 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium were 
used to visualize the antigenic bands (Ey and Ashman, 1986).
Results
Vector construction and transgenic rice production. To facilitate vector 
construction, a working physical map of the 5.1 kb Gtl promoter was constructed as 
shown in Figure 3.1 A. The region of -507 to +1 was considered as the proximal 
promoter of the Gtl gene, which is important in temporal and spatial regulation and 
retains moderate promoter activity. The distal upstream sequence is responsible for 
higher promoter activity (Zheng et al., 1993). To analyze these quantitative elements in 
the 5’ distal region in detail, five 5’ progressive deletions and thirteen internal deletions 
were made using appropriate restriction sites between -5.1k and -508 and were shown 
in Figures 3.2, 3.3 and 3.4. These mutated promoters were fused to GUS reporter genes 
as shown in Figure 3.IB. The hph under the control of CaMV 35S promoter (Zheng et 
al., 1991) in the vector was used to select rice transformants. The kanr was used to 
select recombinant plasmids in Escherichia coli. The green plantlets were produced from 
1131 out of total 4460 calli tested, giving the regeneration frequency of 1/4. About two
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Figure 3.1. Restriction endonuclease map of Gtl promoter and physical organization of 
transformation vectors. A, Restriction endonuclease site map of 5.1 kb Gtl promoter. 
Size markers are relative to the transcription initiation site (Okita et al., 1989). The 
restriction sites used for internal deletion are shown. Ac, AccI; Ap, Apal; Av, Aval; Bp, 
BspEl; Bs, BstEQ; C, Clal; E, EcoRI; K, Kpnl; Nd, Ndel; Ns, Nsil; P, Pstl; S, Stul. B, 
Physical organization of transformation vectors. Gt, Gtl gene promoter; GUS, GUS 
coding sequence with nos terminator; kan, kanamycin resistance gene; hph, hygromycin 
resistance gene under the control of CaMV 35S promoter and tml terminator. Arrows 
indicate transcriptional directions. Bg, Bglll; Bm, BamHI; K, Kpnl.
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thirds of mature rice plants in the greenhouse set viable seeds. The high regeneration 
frequency and high ratio of fertile plants made transgenic rice a successfulsystem to 
study cereal gene regulation.
Progressive 5 ’-deletion analysis showed that 5 ’ distal sequence enhanced the 
proximal promoter activity by nearly 100-fold. The distal promoter (-5.1k/-508) was 
progressively deleted from the 5’-end. The resulting promoter fragment and the 
corresponding GUS activity in the individual transgenic plants were plotted in Figure 
3.2. GUS activity was assayed from immature endosperms at 12, 16 and 20 DAF and 
the log of their GUS activities during this middle stage of endosperm development were 
averaged for each plant which is represented as a solid dot. The mean GUS activity of 
these individual plants for each truncated promoter fragment is represented as an open 
square. pTRA311, pTRA362, pTRA312, pTRA372 and pTRA313 contain 5.1 kb, 4.0 
kb, 1.8 kb, 1.3 kb and 507 bp Gtl gene upstream sequences, respectively. The 5.1 kb 
promoter fragment conferred highest GUS activity in developing endosperms. All five 
plants had GUS activities higher than 104 pmole MU.mnU.mg'1. Deletion from -5.1k to 
-4.0k resulted in nearly 3-fold lower expression of GUS reporter gene. However, this 
is not a statistically significant reduction. All 7 plants containing the 4.0 kb promoter 
fragment maintained GUS activities higher than 104 pmole MU.min‘1.mg'1. It should be 
noted that both 5.1 and 4.0 kb promoters conferred almost 10-fold lower variation in 
gene expression level than the shorter promoters. Deletion from -4.0k to -1.8k further 
lowered GUS activity by nearly 3-fold. Deletion from -1.8k to -1.3k did not lower the 
average log GUS activity further here, but more plants tend to have moderate GUS
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Figure 3.2. Effect of progressive 5’-deletions of Gtl gene promoter on GUS reporter 
gene expression level. Open boxes represent deleted sequences; solid boxes represent 
remaining sequences. Each solid dot represents the GUS activity in developing 
endosperm of an independent transgenic plant. An open square represents the mean log 
GUS activity for each mutant Gtl promoter. CTR, non-transformed plants.
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activity. The 1.8 kb or 1.3 kb Gtl promoter fragment conferred statistically significant 
lower (P<0.05) GUS activity than wild type 5.1 kb promoter by 5 to 10-fold. Similar 
results were obtained in previous study that 5.1 kb promoter had up to 20-fold higher 
GUS activity than 1.8 kb promoter fragment (Zheng et al., 1993). In that previous study, 
only two fertile plants containing 507 bp proximal promoter were regenerated and they 
had extremely wide difference in GUS activity. Here, I am able to show that deletion 
from -1.3k to -508 significantly reduced the GUS activity by nearly 20-fold (P<0.05). 
Only one plant containing 507 bp promoter had fairly high GUS activity (>104 pmole 
MU.mhU.mg'1), other 4 plants had only moderate (>103 pmole MU.min'1.mg'1) or low 
(>102 pmole MU.min'1.mg'1) GUS activity. The mean GUS activity of 507 bp proximal 
promoter was equivalent to CaMV 35S promoter (1.3 x 103 pmole MU.mkU.mg'1, 3 
plants). In conclusion, the 4.6 kb-long distal upstream sequence greatly enhanced the 
507 bp proximal promoter activity by nearly 100-fold.
Internal deletions in the distal upstream sequence o f G tl gene reduced 
quantitative gene expression. The distal upstream sequence of 5.1 kb Gtl promoter was 
divided into three regions, far distal -5.1k/-4.0k, middle distal -4.0k/-1.3k and near distal 
-1.3k/-508 regions. Figure 3.3 shows that pTRA361 and pTRA362 have 0.4 and 1.1 kb- 
long deletions, respectively, in the far distal region -5.1k/-4.0k, and resulted in 2 to 5- 
fold GUS activity reduction (P<0.10). pTRA371 has an internal 2.7 kb deletion of the 
entire middle distal region -4.0k/-1.3k of Gtl upstream sequence and resulted in 3-fold 
reduction of GUS activity (P<0.01). pTRA372 has a 3.7 kb deletion from -5.1k to -1.3k 
of both far and middle distal region and resulted in 5-fold reduction of GUS activity
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Figure 3.3. Internal deletions in distal upstream sequence of Gtl gene reduced 
quantitative gene expression. Open boxes represent deleted sequences; solid boxes 
represent remaining ligated sequences. P values indicate the probability levels at which 
the mutated Gtl promoters conferred statistically significant lower GUS activity than 
wild type 5.1 kb Gtl promoter.
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(P<0.05). The results suggest the additive effects between the far and middle distal 
regions.
Since no appropriate restriction sites exist between -1.3k and -508 of the near 
distal region (Fig. 3.IB), this region was tested by internal deletions including this 
region. All these three internal deletions (pTRA373, pTRA374 and pTRA375) reduced 
the promoter activity by 2 to 5-fold. The results were in agreement with the 5’-deletion 
data (Fig. 3.2) that this near distal region -1.3k/-507 was important even in the presence 
of other two distal regions. The function of the near distal region can not, at least not 
totally, be replaced by far distal regions. But much more dramatic effect caused by the 
deletion of all three regions from -5.1k to -507 (pTRA313) was observed, which 
directed nearly 100-fold lower GUS activity than wild type 5.1 kb Gtl promoter 
(P<0.01). The results indicated that the far or middle distal region may functionally 
substitute the near distal region to some extent in quantitative gene expression, but they 
do not replace the all function of the near distal region.
Internal deletions within the middle distal region reduced quantitative gene 
expression. In the middle distal region -4.0k/- 1.3k, more internal deletions were made 
in order to understand the organization of this quantitative element. Figure 3.4 
summarizes the effect of internal deletions in the middle distal region. Size of deletion 
ranges from 0.4 to 2.7 kb. All deletions reduced the promoter activity by 2 to 5-fold, 
except one with deletion -2.5k/-1.8k (pTRA368) resulting in 11-fold reduction. But 
statistically the GUS activity of pTRA368 was not separated from that of pTRA364 or 
pTRA366 that conferred 3-fold lower GUS activity than wild type 5.1 kb Gtl promoter
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Figure 3.4. Internal deletions in the -4.0k/-1.3k region reduced quantitative gene 
expression. Open boxes represent deleted sequences; solid boxes represent remaining 
ligated sequences. P values indicate the probability levels at which the mutated Gtl 
promoters conferred statistically significant lower GUS activity than wild type 5.1 kb 
Gtl promoter.
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(P<0.05). Thus generally, all deletions in this 2.7 kb middle distal region unfavored the 
quantitative gene expression to a some extent. No distinct sequence domains stood out 
from the rest of the middle distal region by this internal deletion analysis.
Deletions in Gtl distal promoter sequence did not alter temporal and spatial 
gene regulation. As the wild type 5.1 kb promoter, internally deleted mutants conferred 
peak GUS activity around 12 to 16 DAF, and then the GUS activity gradually decreased. 
Possible ectopic expression of GUS gene in vegetative organs was surveyed by 
histochemical staining. The blue staining was restricted in endosperm in all transgenic 
plants tested. No plants were found to have any detectable GUS activity in vegetative 
organs, as opposed to the CaMV 35S promoter which conferred strong blue staining in 
leaves and stems tested. All five fertile plants containing 507 bp proximal promoter did 
not have any detectable GUS activity in leaves and stems tested. The results suggest that 
the proximal promoter may contain all the necessary information for proper temporal 
and spatial regulation of Gtl gene expression.
5.1 kb promoter directed higher pea I I S  legumin accumulation in mature rice 
endosperm than 1.8 kb promoter. In order to fully assess the overall glutelin gene 
expression in the processes of transcription, translation, protein translational 
modification, sorting and accumulation in protein bodies, a pea legumin gene LegA 
(Lycett et al., 1984) was employed. Pea legumin and rice glutelin share 37% homology 
in amino acid sequence and both are synthesized as precursors and subsequently 
endoproteolytically cleaved into acidic and basic subunits. The resulting two subunits 
are covalently linked by disulfide bonds in mature hexamers deposited in protein bodies
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(Takaiwa et al., 1987). But in contrast to the insolubility of rice resident glutelin, pea 
legumin is salt-soluble.
As shown in Figure 3.5, four expression vectors were made by fusing 5.1 kb or 
1.8 kb Gtl promoter to pea 11S legumin genomic or cDNA coding sequences. 
Quantitative accumulation of legumin in mature endosperm of transgenic rice plants was 
determined by ELISA. Unfortunately, the lyophilized pea legumin used as the standard 
in this experiment could not be dissolved until the pH was raised to 11. This resulted 
in protein aggregation as was seen on SDS-PAGE (Fig. 3.7B), and in over-estimation 
of legumin in seed samples. So only relative legumin contents of tested plants were 
shown in Figure 3.6. Each dot represents an independent transgenic rice plant. It is noted 
that 5.1 kb promoter directed higher legumin accumulation in mature seeds than 1.8 kb 
promoter primarily by increasing the number of plants showing higher expression. These 
results are consistent with the analysis using GUS reporter gene in developing 
endosperm. There are no statistical difference in expression level between the genomic 
and cDNA coding sequences with either the 5.1 or 1.8 kb promoter.
Five plants showing highest expression directed by the 5.1 kb Gtl promoter, four 
encoded by cDNA and one by genomic coding sequence, were further analyzed with 
SDS-PAGE. Figure 3.7A shows that both genomic and cDNA coding sequences 
produced distinct bands of apparent molecular weights of 60 and 40 kd which were 
absent in the non-transformed plants. These two polypeptides are close to calculated 
molecular weights of intact (56 kd) and acidic subunits (36 kd) of legumin (Lycett et 
al., 1984). The result indicates that 1 IS legumin precursor is endoproteolytically cleaved
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Figure 3.5. Gtl promoter-legumin coding sequence fusion genes used for rice protoplast 
transformation. Blank boxes indicate introns. Gt pro, G tl gene promoter; Leg gemonic 
or cDNA, legumin genomic or cDNA coding sequence and transcription terminator. Bg, 
Bglll; Bm, BamHI; N, Ndel; X, Xbal.
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Figure 3.6. Relative legumin contents in pooled seeds of primary transgenic plants. Each 
dot represents an independent transgenic plant.
Akd 1 2 3 4 5 6 7
49
10 6 -
8 0 -
s ; . »  „
4PM# mam
32.5 -
2 7 .5 -
«** «*•
B
1 2 3 4 5
Figure 3.7. Pea 1 IS legumin was an abundant protein in soluble protein fraction and 
was endoproteolytically cleaved. A. Coomassie blue staining after SDS-PAGE. 50 pi of 
salt extract of endosperm was added and polypeptides were separated on a 12% PAGE. 
Five plants with the highest expressions were analyzed: lanes 1, 330-17; 2, 330-15; 3, 
330-14; 4, 330-11; 5, 329-42; 6 and 7, two non-transformed plants. The molecular 
weight markers are indicated. B. Western blotting analysis using sheep anti-legumin 
antibody conjugated to alkaline phosphatase. 20 pi of seed extract was loaded per lane. 
Lanes 1, non-transformed plant; 2, 330-17; 3, 330-14; 4, 330-11; 5, 2 pg purified pea 
legumin.
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in rice endosperm as in its native pea cotyledon. But the basic subunit (20 kd) is not 
evident, which may be overlapped by rice resident proteins. Western blot using sheep 
anti-legumin did not detect the basic polypeptide neither in rice samples nor in purified 
pea legumin (Fig. 3.7B). This is due to the fact that the antibody used in this experiment 
is specific to the acidic polypeptide only. It was reported that the acidic and basic 
subunits show no immunological cross-reactivity (Casey et al., 1980).
Discussion
High quantitative gene expression is especially desired in genetic engineering of 
crops. Rice glutelin genes contain very strong promoters which will eventually be 
employed in introducing engineered storage proteins to achieve balanced nutritional 
quality in rice or in production of valuable proteins such as viral vaccines (Mason et al., 
1992).
Proper knowledge of the glutelin gene promoter, especially its function in 
transgenic plants, is prerequisite for successful practical use. We are the first group to 
analyze a cereal storage protein gene in a homologous system because we realize that 
high quantitative gene expression can not be studied in heterologous dicot plants. The 
1.3 kb Gtl promoter conferred GUS activity of 2 x 104 pmole MU-minTmg1 in rice 
seed (Fig. 3.2) which is 30-fold higher than that of 600 pmole MU.min'.mg'1 in tobacco 
seed (Takaiwa et al., 1991b). The ratio of 1.3 kb Gt promoter activity over CaMV 35S 
promoter activity in rice seed is nearly 20, while that in tobacco seed is less than 1 
(Takaiwa et al., 1991b). Moreover, critical elements of Gtl promoter identified in 
homologous rice may not be recognized in tobacco (Zheng et al., 1993). Other instances
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also suggest that significant discrepancies in the mechanisms of gene regulation exist 
between monocots and dicots (Keith and Chua, 1986; Ueng et al., 1988; Schaffner and 
Sheen, 1991).
Progressive 5’-deletion analysis indicates that the distal promoter sequence is 
responsible for nearly a 100-fold increase of the 507 bp proximal promoter activity as 
monitored by GUS reporter gene expression. Additive quantitative effects may exist 
between the regions of far distal -5.1k/-4.0k and middle distal -4.0k/-1.3k. Functional 
redundancy to some extent may exist between the near distal region of -1.3k/507 and 
its upstream sequence. However, internal deletion analysis failed to identify discrete 
modular elements, indicating that generally the whole 5’ distal upstream sequence may 
be required to maximize gene expression, or the mutation analysis should be fine-tuned. 
The possibility that 5’ far elements need a long loop to interact with RNA transcription 
machinery in the proximal region is unlikely to explain the observed deletion effect 
since a small internal deletion such as 0.4 kb fragment could also have a significant 
effect. It is possible that the 5’ distal upstream sequence has been improved during 
evolution or by the continuous human selection for higher protein content of rice seeds.
Internal deletions did not alter the temporal and spatial regulation. We reported 
that only one plant containing the 507 bp proximal promoter had detectable but low 
GUS activity in the leaf and sheath (Zheng et al., 1993), which was possibly caused by 
integration site in rice genome or by the 35S promoter closely located at the upstream 
of 5’-truncated Gtl promoter in that particular construct. Here, no detectable GUS 
activity was found in vegetative tissues of all five plants containing the 507 bp proximal
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promoter. Tight spatial regulation may require a longer promoter since no plants 
containing a 1.3 or 1.8 kb Gtl promoter showed any ectopic GUS expression. Temporal 
control of the Gtl gene during endosperm development was retained from -5.1k to -155 
(Zheng et al., 1993). So the proximal promoter (-507/+1) controls the temporal and 
spatial (at least in the most cases) regulation of Gtl gene expression, and it also confers 
moderately low gene expression. Further quantitative increase in gene expression needs 
the interaction with the long distal upstream sequence.
It was demonstrated here that longer Gtl promoter directed higher expression of 
bacterial GUS gene in developing endosperm, and also higher accumulation of pea 11S 
legumin in mature endosperm. GUS enzyme is believed to stay in the cytosol and will 
not stably accumulate since it decays when seeds mature (Zheng et al., 1993). So its 
activity may reflect the temporal transcriptional activity of Gtl gene promoter. Pea 11S 
legumin, which is homologous to rice major storage protein glutelin, appears to be 
stably accumulated since no degrading products were observed in mature seeds. Practical 
genetic engineering with an aim to produce a high protein yield should consider proper 
structural requirements for targeting and stable accumulation in protein bodies. Pea 1 IS 
legumin will be useful in understanding the molecular basis of post-translational 
processes of glutelin in rice endosperms, which is suggested to be similar to 11S 
legumin in pea cotyledon. The advantages of using legumin are that it is easy to extract 
and purify because of its salt solubility, and that it can be readily distinguished from 
resident protein in rice seed using anti-legumin antibody. Those properties should allow 
introduction of mutated legumin genes to study the molecular mechanisms of
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intracellular transport, molecular assembly, endoproteolytic cleavage, and accumulation 
in the protein bodies. Understanding the complex post-translational processes will lay 
down the foundation for future successful engineering.
A search for SAR in this distal upstream sequence using rice nuclei isolated from 
cultured cells was not successful (data not shown). Internal deletion analysis did not 
show any regions behaving like a known SAR which elevates gene expression and 
alleviates position effects (Grosveld, et al., 1987; Stief, et al., 1989; Bonifer et al.,
1990). Considering the fact that a transgene is expressed poorly in the majority of stable 
transformants (Peach and Velten, 1991), the function of Gtl 5’ distal upstream sequence 
may be explained as having the ability to buffer the adverse DNA sequence or 
chromatin structure at the insertion site, probably by forming a favorable chromatin 
structure and facilitating downstream transcriptional activation. The quantitative elements 
enhancing the glutelin gene expression may be more structural than sequence-specific 
since there are no sequence similarity observed in the distal upstream sequences of three 
glutelin gene families (Okita et al., 1989). It is apparent that a longer promoter tends 
to have a higher number of plants showing high GUS activity or legumin synthesis (Fig.
3.2 and 3.6). It is advisable to use a longer promoter fragment isolated from a 
homologous plant genome in order to achieve desirable expression in transgenic plants, 
not only in strictly targeted tissues and correct responses to environmental cues but also 
on a high expression level. By using 5.1 and 1.8 kb Gtl promoter fragments, I have 
successfully expressed bean 7S storage proteins in rice endosperms on a high level and 
improved the lysine content of a rice endosperm soluble protein fraction.
CHAPTER 4
EXPRESSION OF BEAN SEED STORAGE PROTEIN B-PHASEOLIN 
IN ENDOSPERM OF TRANSGENIC RICE PLANTS
Introduction
Cereal and leguminous seeds are major nutritional sources directly or indirectly 
to humans and animals. Unfortunately these crop seeds are not ideal diet sources 
because they do not provide recommended proportions of essential amino acids. 
Generally, legume seed storage proteins are deficient in sulfur-containing essential 
amino acids, while cereals are deficient in lysine, threonine and tryptophan. So a mixture 
of cereal and legume seeds is necessary to enhance the nutritional quality since the 
amino acid compositions of these two groups of storage proteins complement each other 
(Eggum and Beames, 1983). No traditional breeding has been shown to be entirely 
satisfactory in overcoming these amino acid limitations. However, genetic engineering 
for seed nutritional quality may provide a promising solution (Larkins, 1983).
Legume seed storage proteins are primary globulin and albumin, while cereal 
seed proteins are predominantly prolamine or glutelin. Rice seeds contain about 5% 
prolamine and 80% glutelin. The overall lysine content (3.4%) in rice seeds is the first 
limiting amino acid as in other cereals (Beevers, 1976).
Rice was the first cereal crop that had been readily transformed (Shimamoto et 
al., 1989; Hayashimoto et al., 1990). Its major storage protein glutelin genes were 
isolated (Okita et al., 1989; Takaiwa, et al., 1987). Progressive 5’-deletion analysis of 
Gtl gene expression in homologous transgenic rice plants showed that 1.8 kb Gtl
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promoter directed temporally-regulated and endosperm-specific expression of 8- 
glucuronidase (GUS) reporter gene, and that 5.1 kb Gtl promoter directed higher GUS 
activity in developing endosperm and higher accumulation of pea 11S legumin in mature 
rice seeds (Chapter 3). As an initial approach to improve the nutritional quality of rice 
seed protein, the bean 7S B-phaseolin was introduced to transgenic rice plants which has 
relatively higher lysine content (6%). The lysine content of the soluble seed protein 
fraction was improved by 30% when the phaseolin constituted 4% of the total rice 
endosperm protein.
Materials and Methods
Construction o f plant storage protein fusion genes. Both genomic and cDNA 
coding sequences and poly(A) signals of French bean B-phaseolin were placed under 
control of French bean B-phaseolin gene promoter and rice glutelin G tl gene promoter. 
A 1.3 kb HindlD-EcoRI fragment containing the phaseolin 782 bp promoter was ligated 
to the EcoRI-BamHl fragments containing the whole genomic or cDNA coding 
sequences and poly A signals from AG-pPVPh3.8 and AG-pPVPh3.8/cDNA (Cramer 
et al., 1985, kindly provided by Dr. J. L. Slightom, Agrigenetics Advanced Research 
Laboratory, Madison, WI), resulting in pTRA321 and pTRA322 respectively. The 1.8 
kb Gtl promoter was isolated as an EcoRl-Bglll fragment (Chapter 2) and fused to the 
phaseolin genomic or cDNA coding sequences in Bglll-BamHl fragments, forming 
pTRA323 and pTRA324, respectively. The 1.8 kb Gtl promoter in pTRA323 and 
pTRA324 was replaced by the 5.1 kb Gtl promoter in a Kpnl-BglH fragment, resulting 
in pTRA327 and pTRA328, respectively. A hygromycin resistance gene cassette from
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pTRA141 (Zheng et al., 1991) as a selectable marker for rice transformants was cloned 
in all transformation vectors.
Transgenic rice production. Protoplasts isolated from suspension culture of rice 
cv. Nipponbare were transformed after PEG treatment as described by Li et al. (1990). 
Nurse cells of rice cv. Taipei 309 or OC were used in protoplast culture as described 
in chapter 2.
Artificial hybridization o f transgenic rice plan ts. The panicles with a few opened 
flowers at the top were selected in the early morning. The opened flowers were 
destroyed. The rest were treated in a 45°C water bath for 5 min to kill the pollens before 
fertilization. After the treated flowers opened, approximately one third were cut out to 
prevent closing. The unopened flowers at the bottom were also destroyed. The treated 
and opened flowers (female) were pollinated by shedding the pollens from a pollen 
donor (male) plant at the noon in the greenhouse. The pollinated panicles were covered 
with a pollination bag.
Quantitative determination o f storage proteins. Endosperms were isolated from 
mature transgenic rice seeds. Ten mg endosperm powder was homogenized in 1 mL 
PBS buffer (137 mM NaCl, 3 mM KC1, 12 mM P04, pH 7.4) with a Brinkmann 
homogenizer. After mixing at 4°C for 30 to 60 min, the homogenate was centrifuged and 
the supernatant was collected and stored at -20°C. Pellets containing prolamin and 
glutelin were solubilized in 1 N NaOH. Phaseolin content in the supernatant was 
determined by ELISA using rabbit anti-phaseolin antibody conjugated to alkaline 
phosphatase (Engvall and Perlmann, 1972). Total protein contents were determined by
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Bradford method and using bovine serum albumin as a standard (Bradford, 1976). 
Amino acid composition was determined by Louisiana State University Medical Center 
Core Laboratory (New Orlean, LA).
Southern blot hybridization. Total DNA was isolated from seedlings or mature 
leaves of transgenic rice plants (Rogers and Bendich, 1985). Isolated DNA was further 
purified by CsCl density gradient ultracentrifugation (Hayashimoto et al., 1990). Ten pg 
of rice genomic DNA was completely digested by Hindlll restriction enzyme. After 
phenol/chloroform extraction, digested DNA was recovered by ethanol precipitation. 
Amount of DNA recovered was determined by spectrophotometry. Five pg of digested 
DNA was fractionated by 0.7% (w/v) agarose gel electrophoresis. DNA was transferred 
to Nytran membrane using procedures suggested by the supplier (Schleicher and 
Schuell). The 0.75 kb EcoRI-Xbal fragment of phaseolin genomic coding sequence was 
used as a probe by oligolabeling with random primers (Sen and Murai, 1991).
Western blotting and 2-D gel electrophoresis. Proteins were separated by 
discontinuous 12% (w/v) SDS-PAGE and electrophoretically blotted onto a 
nitrocellulose membrane. Rabbit anti-phaseolin antibody conjugated to alkaline 
phosphatase and its substrates 5-bromo-4-chloro-3-indolyl phosphate and nitroblue 
tetrazolium were used to visualize the antigenic bands (Ey and Ashman, 1986).
Two dimensional gel electrophoresis was performed according to O’Farrell 
(1975). A 1:4 mixture of Bio-lyte pH3-10 and pH5-7 (Bio-Rad) was used for isoelectric 
separation using Bio-Rad protein II system. Second dimension was 12% SDS-PAGE.
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Glycosylation analysis. Proteins were extracted by stirring 1 g dry rice seed flour 
in 5 mL acid salt buffer (0.5 M NaCl, 0.5 M glycine, 0.02% NaN3, 2 mM 
phenylmethylsulfonyl fluoride, pH 2.4) for 1 hr at room temperature (Delaney and Bliss,
1991). Phaseolin was precipitated by water using the method of Sun and Hall (1975), 
except that 1.5 volumes instead of 4 volumes of cold distilled water were added after 
the initial extraction. After centrifugation, an additional 2.5 volumes of distilled water 
were added to the supernatant and the pH was adjusted to 5.3. After centrifugation, 
pellets were lyophilized and dissolved in PBS.
Enzymatic deglycosylation by endoglycosidase H (Endo H) or peptide N- 
glycosidase F (PNGase F) (Boehringer Mannheim) was basically followed the 
manufacturer’s instruction. Approximately 2 pg of phaseolin was denatured by boiling 
for 5 min in the presence of 0.02% (Endo H) or 0.2% (PNGase F) SDS before digestion. 
Results
Vector construction and transgenic rice production. The expression vectors were 
illustrated in Figure 4.1. A 782 bp phaseolin promoter was fused to the 1,990 bp 
phaseolin genomic coding sequence and 1,100 bp downstream region in pTRA321, or 
to the 1,475 bp phaseolin cDNA coding sequence and downstream region in pTRA322. 
A 1.8 kb promoter fragment of the rice seed storage protein glutelin (Gtl) gene was 
fused to either the phaseolin genomic coding sequence in pTRA323 or cDNA coding 
sequence in pTRA324. The 1.8 kb Gtl promoter fragments in above constructs were 
replaced with 5.1 kb Gtl promoter fragments in pTRA327 and pTRA328, respectively.
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Figure 4.1. Gtl promoter-phaseolin coding sequence fusion genes used for rice 
protoplast transformation. Black boxes indicate introns in coding sequences. Arrows 
indicate transcriptional directions. Gt pro, rice glutelin Gtl 5.1 or 1.8 kb promoter; Phs 
pro, bean 8-phaseolin gene promoter; Phs genomic or cDNA. phaseolin genomic or 
cDNA coding sequence and transcription terminator; hph, hygromycin resistance gene 
cassette.
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A hygromycin resistance gene cassette (Zheng et al., 1991) was inserted in all 
transformation vectors as a selectable marker.
About 200 to 500 hygromycin-resistant calli were obtained from 106 protoplasts 
initially treated. Plantlets were regenerated from 10 to 20% of calli plated via somatic 
embryogenesis. Two-thirds of plants grown to maturity in the greenhouse set viable 
seeds. Transgenic plants were numbered acceding to their transformation vectors.
Phaseolin expression in transgenic rice seeds. The phaseolin quantity was 
determined by ELISA in endosperm sections pooled from 10 mature seeds of each 
primary transgenic plant. Figure 4.2 summarizes the phaseolin expression in the pooled 
mature seeds of primary transgenic plants. Each dot represents a fertile transgenic plant 
expressing detectable phaseolin in the endosperm. A wide variation in phaseolin content 
among the plants transferred with same DNA construct was observed. The 5.1 kb Gtl 
promoter fragment directed higher phaseolin expression from either genomic or cDNA 
coding sequence than the 1.8 kb Gtl promoter fragment. This result was consistent with 
our previous promoter analysis using GUS or pea 11S legumin as a reporter. In 
comparison with intron-free cDNA coding sequence, phaseolin genomic coding sequence 
containing 5 small introns was efficiently expressed under the direction of either 5.1 kb 
or 1.8 kb Gtl promoter fragment. The highest quantity was 4% of total endosperm 
protein detected in the homozygous seeds of plant 327-3. The phaseolin content in 
pooled F0 seeds was 2.2 % of total endosperm protein. However, the phaseolin trait was 
segregated into a 3:1 ratio. The phaseolin content in pooled FI seeds was up to 4% of 
total endosperm protein in homozygous progenies (Fig. 4.4).
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Figure 4.2. Phaseolin contents in pooled F0 seeds of primary transgenic plants. Each 
dot represents an independently transformed plant.
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Stable inheritance o f the phaseolin trait. The phaseolin content in the selfed 
individual seeds of three primary transgenic plants 323-5, 327-3 and 327-9 were 
determined. The phaseolin trait was segregated into a 3:1 ratio among 30 to 50 seeds 
from each plant tested, indicating the transgene was inserted into a single chromosomal 
locus or closely linked loci. Moreover, about one quarter of the seeds have the higher 
phaseolin content than the rest of the positive seeds. The analysis with one plant, 327-9, 
was represented in Figure 4.3. The quantitative variation of phaseolin content coincides 
with that of phaseolin gene dosages in endosperms (3n) if the phaseolin gene was 
segregated in these F0 seeds as a single locus. Some F0 seeds of 323-5 and 327-3 were 
germinated and produced seeds of FI generation to evaluate the stability of phaseolin 
trait (Fig. 4.4). The phaseolin content in pooled seeds of FI generation was correlated 
with the patterns of phaseolin trait segregation. Homozygous FI plant (no segregation 
in FI seeds) produced higher phaseolin content than heterozygous FI plant (3:1 
segregation in FI seeds). No segregation was observed in the F2 generation derived 
from 323-5-4 and 327-3-12, which confirmed they are stable homozygous lines 
regarding phaseolin trait. These results demonstrated that the phaseolin trait was stably 
inherited through three successive generations, and also suggested that there may exist 
a positive gene dosage effect on phaseolin expression.
Physical structures of the phaseolin gene in the genomes of representative plants 
were analyzed by Southern blot (Fig 4.5). Hindlll digestion of transformation 
vectorpTRA323 yielded a 4.8 kb fragment (Fig. 4.5A, lanes 1-3). The plant 323-5-14 
contains the intact phaseolin gene under the control of the 1.8 kb Gtl promoter.
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F0 Individual S eed s of Primary T ransgenic Plant 327-9
Figure 4.3. Segregation of phaseolin expression in individual F0 seeds of primary 
transgenic plant 327-9. Phaseolin content of each endosperm was determined by ELISA.
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Figure 4.4. Stable inheritance of phaseolin trait. A and B, plant lines derived from 
primary transgenic plant 323-5 and 327-3, respectively. Phaseolin contents and 
Mendelian segregations (positivemegative) in FI seeds are shown. Some progeny were 
dead before they produced FI seeds and are not included.
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Figure 4.5. Southern blot shows that the phaseolin gene was inserted into the rice 
chromosome DNA. A. Southern blot analysis of homozygous progeny derived from 
primary transgenic rice plants 323-5 and 327-3. Five pg of total genomic DNA was 
digested completely with Hindlll and separated on a 0.7% agarose gel. A 0.75 kb 
fragment isolated from the phaseolin genomic coding sequence was used as the probe 
as shown in B. Lanes 1-3, vector pTRA323 controls, equivalent to 1, 5 and 10 copies 
per haploid rice genome; 4, plant 323-5-14; 5, plant 327-3-10; 6, offsprings of cross 
323-5-14 X 327-3-10; 7, mixture DNAs of phaseolin negative plants 327-3-3 and 327-3- 
4; 8-10, vector pTRA327 controls, equivalent to 1, 5 and 10 copies per haploid rice 
genome. B. Schematic explanation of vector insertion in rice genome. Gt, Gtl 1.8 kb 
or 5.1 kb promoter; Phs, phaseolin genomic coding sequence. H, Hindlll. The sizes of 
Hindlll fragments are marked.
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Transformation vector pTRA327 did not have the Hindlll site after phaseolin coding 
sequence (Fig. 4.5B); HindlD digestion of that vector yielded a 11 kb fragment (Fig. 
4.5A, lanes 8-10). However, Hindlll band from plant 327-3-10 was larger (16 kb) 
because a Hindlll site in the neighboring rice genome is located about 5 kb downstream 
from the phaseolin gene insertion site. Since the intensity of 16 kb band is lower than 
one copy vector control (11 kb) (larger fragments with same number of molecules may 
show lower intensity than small fragments), and only a single band was observed, it 
suggests that homozygous plant 327-3-10 may contain a single copy of transferred 
phaseolin gene per haploid genome. No phaseolin gene was detected in phaseolin 
negative plants 327-3-3 and 327-3-4 (Fig. 4.5A, lane 7). Hybrid progeny derived from 
the artificial hybridization of two selfed homozygous lines 327-3-10 (FI) X 323-5-14 
(F2) carry both phaseolin genes from parents, and contain one copy each per diploid 
genome (Fig. 4.5A, lane 6). The phaseolin contents in these hybrid seeds are also 
between their parental expression level (data not shown). Those data conclude that the 
phaseolin gene and its trait are stably inherited in transgenic plants as we followed three 
successive generations and a further hybrid generation. A higher expression level was 
predicted in homozygous offsprings derived from the hybrid line which contains both 
phaseolin loci.
Lysine content was significantly improved in the soluble protein fraction of 
transgenic rice endosperm. Lysine is the primary amino acid limiting the nutritional 
quality of rice seed since the major storage protein glutelin has a low lysine content (ca. 
2.4%) (Okita et al., 1989). The soluble protein fraction from the non-transformed rice
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endosperm was found to have a lysine content of 4.0% of total moles of amino acids 
(Table 4.1). Bean 7S B-phaseolin has a higher calculated content of lysine (6.0%) 
(Slightom et al., 1983). High expression of phaseolin in plant 327-3-12 has significantly 
increased the lysine content in the soluble protein fraction compared to the non­
transformed control (P<0.05, t-test) or phaseolin negative progeny 327-3-3 (P<0.1). 
Plants 327-3-12 and 327-3-3 were derived from the same primary transgenic plant, but 
327-3-3 do not carry a phaseolin gene after genetic segregation (Fig. 4.5A, lane 7). 
Under the same genetic background except the phaseolin trait, the significant difference 
in lysine content between these two plants confirmed it is phaseolin accumulated in the 
transgenic plant that improved the lysine content. There is no statistical difference in the 
lysine content between plant 327-3-3 and the non-transformed control.
Phaseolin polypeptides were synthesized in the endosperm o f transgenic rice 
plants. Purified phaseolin from bean cultivar Tendergreen resolves a group of closely 
related polypeptides that are heterogenous in molecular weight and isoelectric point (Fig. 
4.6A). Phaseolin from bean is synthesized from a- or B-phaseolin gene. In transgenic 
rice phaseolin is synthesized from a single B-type gene, whose complete nucleotide 
sequence is known (Slightom et al., 1983). However, phaseolin in rice resolved into four 
distinguishable spots with slight differences in molecular weight, but focused on the 
same pH around 5.7 on a 2-D electrophoresis gel (Fig. 4.6B). In contrast to the previous 
reports that phaseolin was degraded into smaller molecular weight peptides in transgenic 
tobacco seeds (Sengupta-Gopalan et al., 1985; Burow et al., 1992), no degraded bands
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Table 4.1. Enhanced lysine content in soluble endosperm protein fraction of transgenic 
plant 327-3-12
Plant Lysine Content 
(Molar Percentage)
SE (n=6)
Non-transformed 4.00 0.33
327-3-3
Phaseolin negative
4.38 0.25
327-3-12
Phaseolin positive
5.13 0.42
Figure 4.6. Two dimensional electrophoresis analysis followed by western blot shows 
that phaseolin with heterogeneous molecular weights was synthesized in transgenic rice 
endosperm. A, 2 pg purified bean phaseolin; B, SDS-loading buffer extract of 
endosperm powder of primary transgenic plant 327-3, equivalent to 2 pg phaseolin 
determined by ELISA. C, non-transformed plant.
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were observed in mature rice seeds even after two-year storage at room temperature, 
indicating the phaseolin synthesized in rice endosperm was stable.
In agreement with 2-D gel electrophoresis, SDS-PAGE analysis demonstrated 
four corresponding immunologically reactive bands of apparent molecular weights of ca. 
50.5(A), 47.7(B), 46.9(C), and 44.9(D) kd in transgenic rice endosperm (Fig. 4.7, lane 
1), the purified bean phaseolin shows two predominant bands 50.0 and 46.2 kd (Fig. 4.7, 
lane 3). No difference in forms of B-phaseolin polypeptides produced from genomic and 
cDNA coding sequences was observed, which suggests that the dicotyledonous introns 
are processed properly in monocotyledonous rice.
Phaseolin was glycosylated in rice endosperm. Phaseolin contains two N- 
glycosylated sites (Asn252 and Asn341). Either or both could be attached to 
oligosaccharide side chains in native bean seeds (Sturm et al., 1987). Endoglycosidase 
H (Endo H) and peptide N-glycosidase F (PNGase F) are among the most frequently 
used enzymes for studying the structure and processing of oligosaccharide chains 
attached to Asn residues (Tarentino et al., 1989). Endo H hydrolyzes at the inner-core 
di-N-acetylchitobiose moiety; while PNGase F hydrolyzes at the glycosylamino linkage 
between the N-acetylglucosamine terminus and the Asn amide nitrogen. The specificities 
of Endo H and PNGase F for N-glycan side chain structures differ: Endo H cleaves 
primarily high-mannose-type chains; while PNGase F cleaves almost all N-glycans 
including complex-type ones. Enzymatic deglycosylation analysis showed that phaseolin 
synthesized in transgenic rice endosperm is extensively glycosylated (Fig. 4.7). Band A 
contains a high-mannose glycan which is susceptible to Endo H; others may have
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Figure 4.7. Enzymatic deglycosylation of phaseolin synthesized in endosperm of 
transgenic plant 327-3. Proteins were separated on 12% SDS-PAGE; phaseolin 
polypeptides were visualized by western blot A, Endo H digestion analysis. B, PNGase 
F digestion analysis. Lanes 1, 327-3 without enzyme; 2, 327-3 with enzyme; 3, purified 
bean phaseolin without enzyme; 4, purified bean phaseolin with enzyme. M, prestained 
Bio-Rad protein MW markers.
more complex structures not susceptible to Endo H (Fig. 4.7A, lane 2). Bands A, B and 
C are susceptible to PNGase F digestion (Fig. 4.7B, lane 2). After complete digestion 
with PNGase F, original four bands migrated into a single band overlapping band D, 
indicating that the apparent MW differences were caused by the differential 
glycosylation at asparagine residues. Band D had no apparent change after PNGase F 
digestion; its apparent MW (44.9 kd) is almost the same as the calculated MW of non­
glycosylated form (45.2 kd) with its 21 amino acid signal peptide removed (Slightom 
et al., 1983). So band D may represent non-glycosylated mature phaseolin polypeptide. 
Small amount of non-glycosylated phaseolin also exists in native bean seeds or when 
phaseolin is expressed in transgenic tobacco seeds (Sengupta-Gopalan et al., 1985). But 
in the lectin-affinity chromatography analysis, band D was repeatedly shown to bind to 
Con A-Sepharose beads with other three upper bands (data not shown). A small amount 
of band D may form heterologous trimers with other glycosylated ones in rice seeds, 
which would explain that band D bound to Con A indirectly. In bean cotyledon 
trimerization occurs in the endoplasmic reticulum enroute to the protein bodies, which 
is important for stable accumulation and correct targeting (Bollini and Chrispeels, 1978) 
Discussion
Bean 7S B-phaseolin was chosen as a model to test the genetic engineering 
approach in an attempt to enhance the lysine content of rice endosperm. We should be 
able to increase the nutritional value of rice if we can achieve a significant high level 
of phaseolin expression in rice seeds, especially after introduction of engineered high 
lysine phaseolin.
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I used a rice storage protein glutelin gene (Gtl) promoter to express phaseolin 
because of its strict temporal and spatial regulation and high quantitative activity. Spatial 
and temporal regulation of Gtl gene expression was controlled by its 5’ upstream 
sequence, and was analyzed in homologous transgenic rice plants (Chapters 2 and 3). 
A 1.8 kb promoter fragment directed stringent endosperm-specific expression. A 5.1 kb 
promoter fragment drove higher expression of GUS reporter gene and pea 1 IS legumin 
genes in rice endosperm. Detailed internal deletion analysis of this 5.1 kb long upstream 
sequence indicated that the longer promoter directed higher expression primarily by 
increasing the number of plants showing high expression. Here, 5.1 kb Gtl promoter 
also directed higher accumulation of phaseolin than the 1.8 kb fragment, either 
synthesized from genomic or cDNA coding sequence. In consistence with the analysis 
of GUS reporter gene and pea 1 IS legumin gene expression, more plants with the 5.1 
kb Gtl promoter appeared to show high level phaseolin expression. The results 
presented here will encourage other researchers to try longer promoter fragments to 
obtain higher expression levels. It was observed that foreign genes often remain silent 
or at very low expression level although molecular evidence shows they are intact 
(Peach and Velten, 1991). However, short promoter fragments (<1 kb) were usually 
employed for analysis in those gene expression experiments.
Highest quantity of phaseolin was 4% of total endosperm protein in homozygous 
seeds. Statistically significant enhancement of lysine content in the soluble protein 
fraction of those seeds was observed. However, since the majority of total proteins 
(glutelin and prolamin) are insoluble, significant improvement in lysine content of total
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seeds awaits higher proportional expression of lysine-rich proteins. Because of wide 
variation in gene expression level, higher expression may be achieved by generating 
more transgenic plants. By crossing two independent transgenic lines, it is also possible 
to select higher expression among segregating offsprings.
Full-size phaseolin polypeptides were synthesized from either genomic or cDNA 
coding sequence, suggesting dicotyledonous gene introns were processed properly in 
monocotyledonous rice. French bean phaseolin genomic coding sequence contains five 
small introns. More phaseolin was synthesized from genomic coding sequence than 
cDNA counterpart. The phaseolin introns may have stimulating effects on gene 
expression in rice plants. It was reported that GUS gene expression was enhanced by 
the first intron of caster bean catalase gene in rice but not in tobacco (Tanaka et al., 
1990).
The phaseolin trait was genetically stably inherited as a single locus. Southern 
blot hybridization showed the transferred gene was integrated in the rice genome. 
Phaseolin synthesized in rice seeds was stably accumulated without degradation. The 
phaseolin was extensively glycosylated; more than half had complex glycan moiety 
which was resistant to Endo H digestion. Albeit rice major storage protein does not use 
glycosylation machinery, glycosylation of phaseolin is efficient and can be extensively 
modified to a heterologous group in rice cells, similar but not identical to those in native 
bean seeds (Sturm et al., 1987). Phaseolin has two N-glycosylation sites Asn252 and 
Asn341. It was reported that glycosylation at both sites was important in stability and 
subsequent quantitative accumulation in protein body (Busto et al., 1991b).
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In conclusion, French bean 7S B-phaseolin was expressed at a significant high 
level in endosperm of morphologically normal transgenic rice plants. Phaseolin was 
extensively glycosylated, and stably accumulated in the rice endosperm. Rice seeds 
appear to have no limitations in phaseolin gene transcription, intron processing, 
translation, and post-translational modification. These results are encouraging to use a 
genetic engineering approach to specifically enhance the nutritional quality of rice, the 
most important single food source worldwide. I expected that significant improvement 
of rice seed protein quality would be achieved by combining increased expression level 
and protein engineering.
CHAPTER 5 
CONCLUSIONS 
Production of a Large Number of Transgenic Rice Plants
For proper gene expression analysis, a large number of transgenic rice plants 
were regenerated after PEG-mediated transformation. Working alone, I had been able 
to produce more than 1,500 independent apparent transgenic rice plants (cv. 
Nipponbare). More than half were fertile. Among the fertile plants, usually two- to 
three-quarters of fertile plants showed detectable gene expression in rice seeds under the 
control of Gtl gene promoter. The rest were not necessarily untransformed since these 
plants were regenerated from stringently selected calli with hygromycin B. Non­
concurrent expression of two genes on the same plasmids is frequent due to random 
insertion of circular plasmid DNAs in the rice genomes (Chapter 2). Production of a 
large number of transgenic rice plants demonstrated the usefulness of the rice system 
for gene expression study, and allowed to apply statistics to a large pool of data in order 
to reach meaningful conclusions. Considering the difficulty of faithful expression of 
cereal genes in dicotyledonous plants, demonstration of a transgenic rice system as a 
feasible alternative for studying tissue-specific expression of a cereal gene will facilitate 
understanding of gene function. From callus initiation, transformation of protoplasts, 
selection by hygromycin, regeneration of seedlings and growth of rice plants until 
maturation, the whole cycle took nearly one year. The most critical step was the 
efficient regeneration of seedlings from calli (colonies), which usually limited the 
number of transgenic plants. The regeneration medium and procedure of Cao et al.,
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(1990) worked very well. Higher temperature (30°C) stimulated the callus growth and 
shoot formation. Longer incubation (30 to 40 days) in the first regeneration medium also 
improved the regeneration frequency. Shoots and roots were usually formed at the late 
stage of that incubation, and easily survived the following subculture. Calli without 
shoots and roots were likely to deteriorate after subculture. Following these 
modifications, I had significantly improved the regeneration frequency from 10% up to 
50%.
Promoter Organization of G tl gene
I had introduced 28 substitution mutations in the Gtl proximal promoter 
(-507/+1) and 18 internal deletion mutations in the distal upstream region (-5.1k/-508). 
Figure 5.1 summarizes the organization of Gtl gene 5.1 kb 5’ upstream sequence. Six 
critical cis-acting elements in the proximal promoter (TATA box, AACA motif, and 
protein binding boxes I, n, III, and IV) were identified. Combined mutations of all 
protein binding sites essentially eliminated the 1.8 kb promoter activity. But the 
proximal promoter (507 bp) alone directed much lower reporter gene expression 
although tissue-specific and temporal patterns were maintained, except in one plant 
(Zheng et al., 1993). GUS activity under the direction of 1.8 kb or longer Gtl promoter 
fragments was detected exclusively in the endosperm tissue. The distal upstream 
sequence (-5. Ik/508) enhanced the gene expression by nearly 100-fold. The results 
indicate that synergistic interaction between the distal upstream sequence and the 
proximal promoter is important for the high quantitative expression, and together they 
mediated the stringent endosperm-specific expression.
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-507
AACA TATA
e h
-200 -50 +1-100-150
TATA box: -28 TATAAA -23
AACA motif: -73 AACAAACTCTATC -61
Box I: -103 ATATCATGAGTCACTTCA -86
Box II: -1 24 CTTTCGTGTACCACA -110
Box III: -175 ACAATGCTGCGTCAATTA-158
Box IV: -217 ATTATCCATGTCATATTG -200
Figure 5.1. Organization of m-acting transcriptional regulatory elements in the proximal 
and distal upstream sequences of Gtl gene. The critical czs-elements in the proximal 
region (-507/+1) are TATA box, AACA motif, nuclear protein-binding sites I, II, HI and 
IV (open boxes), and their sequences are shown. Box I and HI share API binding site 
(underlined) (Curran and Franza, 1988). Box II has a G-box-like sequence (underlined) 
and resembles known ABA-responsible elements (Guiltinan et al., 1990; Mundy et al., 
1990). The distal upstream sequence (-5.1k/-508) enhanced gene expression by nearly 
100-fold.
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Distinct differences in the structural organization between proximal and distal 
upstream sequences may exist. Sequence comparison of glutelin gene family showed the 
conservativeness of the proximal, especially the immediate 5’ upstream sequence, but 
not the distal upstream sequence (Okita et al., 1989; Takaiwa et al., 1991a). The six 
critical c/s-elements in the proximal promoter seem to be organized in a modular 
structure. Single mutations in these critical elements had significant effects on the 
promoter activity in comparison with the much less or no effects caused by the 
mutations between these critical elements. However, internal deletion analysis of the 
long distal upstream sequence failed to identify a discrete region which can be 
distinguished from the surrounding sequence, suggesting the distal upstream sequence 
may rather form a general favorable structure facilitating the downstream proximal 
promoter activity. Internal deletion analysis indicated additive or less than additive 
interactions existing for quantitative gene expression in the distal upstream sequence of 
Gtl gene, which was in contract to the synergistic interactions existing in the proximal 
promoter. The results showed that the distal upstream sequence greatly enhanced the 
quantitative gene expression, notably by increasing the number of high-expressing 
plants, suggesting that the function of distal upstream sequence in transgene expression 
is to reduce the negative effects from the gene insertion site in rice endosperm, possibly 
by facilitating relaxation and formation of active transcribing chromatin loops. Example 
of non-sequence specific binding protein are high mobility group (HMG)-like and AT- 
binding proteins (ATBPs), which preferentially binds to AT-rich regions with 
considerable amount of sequence variations (Czamecka et al., 1992). It is believed that
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these abundant nuclear proteins may act as crude transcriptional regulators that increase 
the accessibility of the promoter elements within the chromatin structure via competition 
with nucleosome assembly, formation of 30 nm fiber or chromosomal looping. Many 
quantitative elements have AT-rich sequences that bind to these abundant nuclear 
proteins. But sequences of the distal upstream regions of glutelin genes have to be 
determined.
No mutations introduced into the 5.1 kb long promoter fragment conferred higher 
expression than wild type. Substitution mutations of the proximal promoter did not alter 
the spatial and temporal regulation patterns, neither did the internal deletions of the 
distal upstream sequence, further suggesting that resident Gtl gene achieves endosperm- 
specific and temporal regulation by the interaction between cis- and tram-regulatory 
elements (factors) favoring high quantitative expression. The developing signals 
stimulate the production of the necessary factors during the early to mid-stage of rice 
endosperm maturation, which turn on the active transcription of Gtl gene. Although the 
specific temporal elements (moving onset of expression but not the spatial pattern and 
quantitative level) have been identified in the been 7S B-phaseolin gene promoter (Busto 
et al., 1991a; Burrow et al., 1992), analysis of many seed protein genes have not been 
able to distinguish the regions controlling temporal regulatory elements including the 
cereal genes coding for endosperm-specific prolamines and glutelins (Marris et al., 1988; 
Colot et al., 1987; Robert et al., 1989; Takaiwa et al., 1991b). So it is reasonable to 
conclude that rice glutelin gene expression is the result of concerted interactions between 
many cis- and trans-acting elements (factors). The onset of transacting factors at a
81
particular stage in developing endosperm induced by specific developmental signals and 
environmental cues determined the stringent spatial and temporal expression of the 
glutelin gene.
Efficient Expression of Leguminous Storage Proteins in the Endosperm of 
Transgenic Rice Plants
Promoter analysis of G tl gene showed that the 1.8 kb promoter fragment directed 
stringent spatial and temporal expression patterns. A longer 5.1 kb promoter fragment 
directed higher quantitative expression. I used these two Gtl promoter fragments to 
direct endosperm-specific expression of bean 7S storage protein phaseolin and pea 1 IS 
storage protein legumin. Higher average expression was achieved by the 5.1 kb 
promoter. Introns from bean phaseolin and pea 11S legumin were processed properly 
in rice endosperm. On the contrary, inefficient processing of monocotyledonous pre- 
mRNA was observed in heterologous dicot plants (Keith and Chua, 1986). Study on the 
requirements for efficient intron splicing showed that splicing in monocots is 
considerably more permissive than splicing in dicots (Goodall and Filipowicz. 1991). 
Splicing in dicots, but not in monocots, requires a high A+U nucleotide content in the 
intron, which is reflected in the occurrence of GC-rich introns in monocots but not in 
dicots. The enhancement of gene expression in monocot cells was mediated by introns 
from both monocot and dicot genes encoding maize alcohol dehydrogenase (Callis et 
al., 1987), maize shrunken-1 (Vasil et al., 1989), rice actin (McElroy et al., 1990) and 
castor bean catalase (Tanaka et al., 1990). However, the dicot gene introns from castor 
bean catalase (Tanaka et al., 1990) and a potato intron (Vancanneyt et al., 1990) do not
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stimulate the expression in dicot tobacco or Arabidopsis thaliana. It appears that 
stimulation of foreign gene expression by introns is a general phenomenon observed in 
cereal cells, which should be utilized as an additional advantage for high level gene 
expression in transgenic rice plants.
Leguminous storage proteins synthesized in rice endosperm undergo correct post- 
translational modifications. Bean 7S phaseolin polypeptides were N-glycosylated into 
at least four isoforms; pea 11S legumin precursors were endoproteolytically processed. 
Correct post-translational modifications are important in oligomerization, efficient 
transport and final stable accumulation. Knockout of one or both N-glycosylation sites 
of phaseolin decreased accumulation in protein bodies (Busto et al., 1991b). Knockout 
of the N-glycosylation site of a barley lectin decreased the rate of processing to the 
mature protein composed of two identical 18 kd polypeptides, and also the rate of 
transport from the Golgi complex to vacuoles (Wilkins et al., 1990). The initial 
oligomerization in the ER lumen is shown to be associated with intracellular transport. 
The mutated phaseolin which can not be assembled into trimer was retained in ER 
lumen as monomers when expressed in Xenopus oocytes (Ceriotti et al., 1991). The pea 
11S legumin precursors were shown to be correctly cleaved in rice endosperm since an 
acidic polypeptide of the same size to the native product in pea seed was produced. The 
deposition of legumin protein in protein bodies was reported to be regulated, at least in 
part, by the proteolytic cleavage (Dickinson et al., 1989). The cleavage is required for 
the final assembly of oligomers into a more complex structure within the protein bodies 
and ensures that the deposition and final assembly take place in the proper subcellular
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organelle. Protein engineering of legumin should consider the proper proteolysis and 
assembly. Mutation analysis in vitro identified that amino acid sequences most essential 
for initial trimer assembly are located in the basic chain. Modifications of the carboxyl- 
terminal hypervariable region of the acidic chain have a minimal effect on the assembly 
of glycinin subunits (Dickinson et al., 1990). So the hypervariable region my be good 
targets for introduction of limiting essential amino acids. A protease responsible for 
post-translational cleavage of the conserved Asn-Gly linkage was isolated from soybean 
(Scott et al., 1992). The results on 11S legumin expression in rice endosperm suggest 
that a similar protease may exist in rice endosperm which recognizes the conserved 
proteolysis site of pea legumin and rice glutelin. Pea 1 IS legumin may be employed 
as a useful probe to study the post-translational processes involving proteolysis, 
oligomerization, assembly, intracellular transport and accumulation in protein bodies 
since it has structural homology to rice seed major storage protein glutelin, but it is salt- 
soluble.
Stability of Phaseolin Expression
Stability of phaseolin expression can be divided into two aspects: stable 
deposition in mature rice seeds and stable inheritance of phaseolin trait. It was 
demonstrated here that phaseolin synthesized in developing rice endosperm was stably 
accumulated without degradation. The phaseolin trait was stably transmitted to three 
successive generations as a single locus. Molecular evidence showed a single copy of 
fusion gene was inserted in the rice genome, and was properly transmitted to hybrid 
progenies. The expression level was also appropriately maintained. It was reported that
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both wild-type and mutated alpha-zeins, the maize major storage proteins, were 
synthesized but quickly degraded in tobacco seeds with a half-life of less than 1 hour 
(Ohtani et al., 1991). Expression of the alpha-zeins was directed by the phaseolin gene 
promoter, which was primarily active in the embryonic tissue of developing tobacco 
seeds, therefore it was postulated that the failure of alpha-zein protein to accumulate in 
tobacco seeds may be due to the incompatibility of this protein in the embryo. 
Prospects for Nutritional Improvement of Rice Seeds
The highest quantity of phaseolin constitutes 4% of the total endosperm protein. 
Since only a fraction of rice seed proteins can be extracted by phosphate-buffered saline 
solution, the phaseolin becomes the major constitute in the soluble protein fraction. 
Therefore, the lysine content in the soluble protein fraction was significantly increased 
by 30%. Significant enhancement of total rice protein quality await increased expression 
of high-lysine protein. Expression in E. coli of mutated phaseolin with enhanced 
methionine suggests that special cares should be taken to the possible perturbation in 
structure and stability which may affect the protein processing and accumulation. 
Quantity of engineered phaseolin with 15-amino acid methionine-rich sequence was 
considerably much lower than normal 8-phaseolin in transgenic tobacco seeds (Hoffman 
et al., 1988). The modified protein was not stable. Strategies for selecting mutation sites 
for methionine enhancement were developed using computer-assisted simulation based 
on the complete three dimensional structure of phaseolin (Dyer et al., 1993). After the 
mutations selected by this molecular dynamics simulation are proved in transgenic 
plants, the strategies will be very useful in designing rational introduction of limiting
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essential amino acids. Most storage proteins are rich in arginine. Substitution of arginine 
with lysine, especially in the hypervariable region, may minimize the structural 
perturbation. As an alternative, natural seed proteins rich in desired amino acids could 
be screened. For instance, a Brazil nut seed protein containing 18% methionine was 
identified (Altenbach et al., 1989), and expression of this protein in tobacco seeds 
significantly increased the methionine level by 30%.
High level expression of "nutritional" proteins in the total seed protein fraction 
was necessary for significant enhancement of rice seed quality. Because of large 
variation in gene expression exists due to the position effect, screening of a large 
population of transgenic rice plants may identify a plant with a very high expression 
level of desired proteins. Rice is diploid (2n=24) with a relatively small genome size, 
about three times of Arabidopsis (Arumuganathan and Earle, 1991). Over 50% of the 
rice DNA sequences are single copy DNA. Rice glutelin genes, consisting of a relatively 
small gene family, are very active in developing endosperm. Homologous recombination 
may reduce the amount of glutelin, thus further increase the proportion of the lysine-rich 
proteins. A scaffold attachment region (SAR) may be added to flank the fusion gene, 
which was shown to direct high, position-independent, copy number-dependent 
expression (Grosveld et al., 1987; Stief et al., 1989; Bonifer et al., 1990; Allen et al., 
1993). Multiple transformation should increase the gene copies providing the multiple 
selection and screening methods are available.
In summary, a homologous transgenic rice system suitable for gene expression 
study of a rice seed storage protein glutelin (Gtl) gene was demonstrated. The Gtl gene
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proximal promoter contains six critical dr-acting elements, which mediated 
developmental control of gene expression in cooperation with the distal upstream 
sequence. High level endosperm-specific expression of leguminous storage proteins was 
achieved by using a long Gtl gene promoter. Rice endosperm provides a favorable 
background for expression of leguminous storage proteins, including efficient intron 
processing, correct post-translational modifications and stable deposition. So It is 
expected that significant improvement of rice quality be achieved by combining 
increased gene expression level and protein engineering. If an modified phaseolin 
containing doubled lysine residues (12%) is expressed to constitute 10% of total rice 
endosperm proteins, theoretically, the lysine content will be enhanced from 3.4% to 
4.3%, up by one-quarter.
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APPENDIX A
HYGROMYCIN RESISTANCE GENE CASSETTES FOR 
VECTOR CONSTRUCTION AND SELECTION OF 
TRANSFROMED RICE PROTOPLASTS*
Abstract
We designed hygromycin-resistance gene cassettes to facilitate construction of 
rice transformation vectors in pUC and pBluescript phagemids. Unique EcoRI, PstI and 
SacII sites in the coding sequence of a hygromycin B phosphotransferase gene (hph) 
from Escherichia coli were eliminated by oligonucleotide-directed mutagenesis without 
altering the corresponding amino acid sequence. The mutated hph was then placed in 
a plant expression vector under control of the 35S promoter of Cauliflower Mosaic 
Virus (CaMV) and of the transcription terminator signals of a tumor morphology large 
gene (tml) from Agrobacterium tumefaciens. The hph gene was flanked by EcoRI-SacII- 
Kpnl-Hindlll linkers at both ends, forming a KESH hygromycin-resistance gene cassette. 
A hygromycin-resistance gene cassette in a PstI fragment was also constructed. The 
levels of hygromycin-resistance phenotype between wild type control and mutated hph 
genes were essentially indistinguishable in E. coli and rice protoplast growth assay. 
Introduction
Hygromycin B is an aminocyclitol antibiotic produced by Streptomyces 
hygroscopicus (11). It inhibits protein synthesis in both prokaryotes and eukaryotes, 
interfering with ribosomal translocation and aminoacyl-tRNA recognition (1,3), and
*This appendix was reprinted with perm ission (APPENDIX C.2) from the article by Zheng et al., (1991).
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causing misreading of mRNA (14). A plasmid-encoded hygromycin resistance gene in 
Escherichia coli was isolated and sequenced by Gritz and Davies (4). The gene is 1026 
base pair long, encoding for hygromycin B phosphotransferase (HPH) with a predicted 
molecular weight of 39,000 daltons. The enzyme phosphorylates hygromycin B and 
detoxifies it. A native gene was successfully employed as a selectable marker to 
transform E. coli and Saccharomyces cerevisiae (4). Chimaeric hph genes were used to 
transform mammalian (10), tobacco (2) and rice cells (5).
We are interested in studying developmental control of rice storage protein 
glutelin. As a first step toward dissecting transcriptional regulatory elements, we have 
constructed a series of 5’-upstream deletion mutants of the glutelin Gt-1 gene (9). To 
facilitate construction of gene expression vectors in pUC and pBluescript plasmids, we 
designed hygromycin resistance gene cassettes. Here, we report elimination of unique 
EcoRI, PstI and SacII sites from the hph coding sequence by oligonucleotide-directed 
mutagenesis and construction of cartridge plasmids containing plant-expressible 
hygromycin resistance genes.
Materials and Methods
Chemicals and enzymes. Restriction enzymes, T4 DNA polynucleotide kinase, 
Klenow fragment, T4 DNA polymerase, and Sequenase were purchased from Biolab, 
BRL or USB, and were used as specified by suppliers. Cellulase RS and Macerozyme 
R-10 were obtained from Yakult Honsha Co. (Tokyo, Japan). SeaPlaque agarose was 
acquired from FMC Co. Hygromycin B was obtained from Sigma Co.
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Hygromycin resistance gene cassettes. The wild type hph coding sequence in 
pLG90 was kindly provided by Dr. Linda Gritz, Applied Biotechnology, Cambridge, 
MA (4). It was isolated as a 1.1 kbp fragment and cloned in a plant expression vector 
pTRA105, resulting in pTRA132 (5). pTRA105 contained the 35S promoter of 
Cauliflower Mosaic Virus (CaMV) and transcription terminator originated from a tumor 
morphology large gene (tml) in T-DNA of Agrobacterium tumefaciens pTi 15955.
General procedures for DNA manipulations were as described by Sambrook et 
al. (12). Oligonucleotide-directed mutagenesis was carried out using the method of 
Kunkel et al. (6) to eliminate unique EcoRI, PstI and SacII sites from the hph coding 
sequence. The coding region was cloned in a BamHI site of a phagemid pBluscript KS 
(Stratagene). The resulting plasmid was transformed to E. coli strain CJ236 (dut-, ung-) 
(BioRad Co.), and uracil-containing single-stranded DNA (minus strand) was prepared 
after superinfection of cells with a helper phage M13K07 (BioRad). Oligonucleotides 
were synthesized by Genetic Designs Co.(Houston, TX) or Oligos Etc. Inc. (Guilford, 
CT). Hph-1 was an EcoRI site remover: 5’-CTCGCTAAACTCCCC-3’ (the altered bases 
are underlined); hph-2 was a PstI site remover: 5’-GACCGGTTGTAGAAC-3’; and hph- 
3 was a SacII site remover: 5’-ACGCCCGGAGTCGTGGCGAT-3’. First we eliminated 
EcoRI and PstI sites, and mutated hph was placed back in a shuttle vector pEX-2 (4) 
to test hygromycin-resistance of the mutated gene in E. coli stain HB101. The mutated 
hph coding sequence (EcoRI-, PstI-) was isolated from one resistant colony and cloned 
in plant expression vector pTRA105. The EcoRI site of the resultant plasmid was 
replaced by HindHI or PstI site, forming a Hindlll or PstI hygromycinresistance gene
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cassette (the CaMV 35S promoter-/y?/j coding sequence-tm/ terminator) respectively. 
HESH oligonucleotide: 5’-AATTCCGCGGTACCAAGCTTGGTACCGCGG-3’ was 
designed to introduce SacII-Kpnl-Hindlll-Kpnl-SacII restriction sites at the EcoRI site 
of pUC4-KSAC (Pharmacia), forming pUC4-KESH. The Hindin cassette was inserted 
into the HindlE site of pUC4-KESH vector, forming pTRA141. Later the SacII site was 
also removed from the hph coding sequence and newly mutated hph (EcoRI-, PstI- and 
SacII-) was used to form a KESH hyromycin resistance gene cassette in pTRA151 (see 
Figure A. 1). These introduced mutations were confirmed after dideoxy chain-termination 
DNA sequencing (13).
Hygromycin B resistance in E. coli. E. coli strains were grown in L broth or on 
plates containing the same medium plus 1.5% agar. Four concentrations of hygromycin 
B (95, 190, 475 and 950 pM) were prepared to select resistant colonies on plates or in 
liquid. One ml of overnight culture developed from a single colony was inoculated into 
50 ml of L broth, and incubated at 37°C with shaking (250 rpm). The absorbance was 
measured at 600 nm at 30 min intervals.
Hygromycin B resistance in rice protoplasts. The procedure for callus induction 
from seeds of rice (Oryza sativa L.) cultivar Nipponbare, suspension callus culture, 
protoplast isolation and protoplast culture was described by Li and Murai (7). The 
procedure for PEG-mediated transformation of rice protoplasts was also described (5,8). 
Selection for hygromycin resistant colonies was performed on 14-day-old regenerated 
calli, and was continued for 12 days in General protoplast medium containing 95, 190 
or 285 pM of hygromycin B. Agarose blocks (10 x 10 x 0.7mm) were transferred to soft
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agarose General medium containing 0.25% (w/v) Sigma type I agarose and 3% sucrose. 
Number of hygromycin-resistant colonies was counted in at least ten agarose blocks 
after two weeks of soft agarose culture. Apparent transformation efficiency of 
protoplasts was defined as number of resistant calli per million protoplasts originally 
plated in agarose blocks.
Results and Discussion
Construction o f hygromycin resistance gene cassettes. To facilitate introduction 
of a hygromycin-resistance marker in rice transformation vectors, we designed 
hygromycin-resistance gene cassettes. Unique EcoRI, PstI and SacII sites in hph coding 
sequence were eliminated by site-directed mutagenesis without altering the 
corresponding amino acid sequence. Thus a hygromycin resistance gene cassette (1.7 kb) 
can be easily generated from the cassette vectors after digestion with either EcoRI, PstI, 
Hindlll, Kpnl or SacII restriction endonuclease (see Figure A.l). DNA sequence analysis 
of the mutated hph in pTRA151 demonstrated that the EcoRI, PstI and SacII recognition 
sequences were eliminated after modifying GAATTC (altered bases are underlined) to 
GAGTTT, CTGCAG to CTACAA, and CCGCGG to CCACGA, respectively. We found 
that the last codon was AAA (Lys), and not GAA (Glu) as published by Gritz and 
Davies (4). The hygromycin resistance gene cassettes can be modified further by 
eliminating additional restriction sites for HincII, HphI, Ncol, Ndel and Pvul in the hph 
coding region, and flanking the cassettes with different restriction sites.
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H P  B E P  S B  E
pTRA132 -  U ^ T T T v l - l  ~  1 1 :.... 11
ESKH P B S B E HKSE
pTRA141 ----------------------------   1
H P B S B P
PTRA150 -------- U - ^ T - h = -  .. ■ . ^ z q g — U ^ d --
o.3kb 1.1 kb 0.3kb
ESKH P B B E  HKSE
pT R A 151   U - T v v - tJ  »  U ^ U ---------
CaMV35S hph coding tml
p rom oter  sequence te rm ina to r
Figure A.I. Physical organization of wild type and mutated hygromycin resistance gene 
cassettes in pUC4 vectors. pTRA132 contains wild type hph coding sequence; pTRA141 
and pTRA150 contain mutated hph coding sequences without EcoRI and PstI sites; 
pTRA 151 contains mutated hph coding sequence without EcoRI, PstI and SacII sites. 
B=BamHI; E=EcoRI; H=HindIH; K=KpnI; P=PstI; S=SacII.
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Expression o f hygromycin B resistance in E. coli.. Wild type and mutated hph 
coding sequences were placed into a shuttle vector pEX-2 (4), under control of eye 1 
promoter. All hph genes conferred E. coli strains HB101, XL 1-Blue and K802 resistance 
up to 950 pM of hygromycin B on plates or in liquid medium as summarized in Table 
A.I. None of three strains in absence of a hygromycin resistance gene could grow in a 
hygromycin concentration higher than 95 pM. Growth of E. coli HB101 were essentially 
similar, whether HB101 contained wild type hph or mutated hph genes in pEX-2. In 
general, the higher the concentration of hygromycin was, the slower the growth of E. 
coli. Transformation efficiency of E. coli cells was essentially equivalent at the 50 pg/ml 
concentration of ampicillin or hygromycin B (data not included).
Interestingly, E. coli cells containing the hph cassette vectors pTRA141, 
pTRA150 and pTRA151 were resistant to hygromycin B. A mechanism of expression 
of hph coding sequence in E. coli under control of the CaMV 35S promoter was not 
known. It might be readthrough from other prokaryotic promoter elements in pUC4. The 
8-lactamase gene and the Lac Z gene were located in one orientation in pUC4. However, 
either orientations of hph gene demonstrated hygromycin resistance in E. coli. It was 
also apparently not the case that CaMV 35S promoter could drive transcription of hph 
gene in E. coli. We tested both orientations of the hph coding region under CaMV 35S 
promoter, and both could express hygromycin-resistance up to a concentration of 950 
pM (500|ig/ml) on plates.
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Table A .I. Growth of E. coli HB101 containing wild type or mutated hph genes at 
different concentrations of hygromycin B
Relative growth (O D 6 0 0 )
Hygrom ycin B (uM)
H ph  gene 95 190 475 950
Culture time (hr): 4 8 4 8 1 2 4 8 1 2 1 2
None - - - - - - - -
Wild type + + + + + + +  + +  +  + +  - +  +  + +  -
Mutated
(EcoRI-,PstI-)
+  + +  +  + + +  + +  +  + +  - +  - +  4* +  -
Mutated
+  +  + +  +  +
(EcoRI-,PstI-,SacII-)
The hph coding sequence was inserted in the BamHI site of a shuttle vector pEX2 (3). 
The density of E. coli in L broth was determined by measuring absorbance at 600 nm 
(A600). no growth; +-: A600<0.5; +: A600=0.5-1.5; ++: A600=1.5-2.5; +++: A600>2.5.
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Hygromycin B resistance in transformed rice protoplasts. Transformation of both 
prokaryotic and eukaryotic cells relies heavily on use of dominant resistance phenotypes 
as selectable markers. Since hygromycin B is a potent inhibitor of protein synthesis in 
both prokaryotes and eukaryotes, hph gene has a great practical value. Fertile transgenic 
rice plants were regenerated after selection of transformed calli in the presence of 
hygromycin B. We compared apparent transformation frequency of rice protoplasts after 
treatment with wild type pTRA132 and mutated pTRA141, pTRA150 and pTRA151. 
Three concentrations of hygromycin B (95, 190 or 285 pM) were applied to 14-day-old 
regenerated calli and hygromycin selection was continued for two weeks. There were 
no statistical differences in number of resistant calli after transformation with pTRA132, 
pTRA141, pTRA150 and pTRA151 (see Table A.2). Both wild type and mutated hph 
genes conferred resistance in rice cells up to 285 uM of hygromycin B. We concluded 
that elimination of EcoRI, PstI and SacII sites from the hph coding sequence did not 
change the level of hygromycin resistance phenotype of the hph gene. The hygromycin 
resistance gene cassettes that were constructed here should be also useful for selectable 
markers in other higher plants.
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Table A.2. Apparent transformation efficency of rice (cv. Nipponbare) protoplasts by 
wild type (pTRA132) or mutated hygromycin resistance gene cassettes (pTRA141, 
pTRA150 and pTRA151)
Transformation efficiency 
(No. resistant calli per million)
Hygromycin B concentration (pM)
Cassette vectors 95 190 285
None 0 0 0
pTRA132 248.6 (25.8) 233.5 (5.7) 239.5 (10.6)
pTRA141 367.0 (159.7) 298.8 (163.2) 199.0 (72.3)
pTRA150 288.8 (69.9) 257.3 (150.3) 248.6 (121.5)
pTRA151 270.4 (28.6) 221.1 (28.9) 201.4 (21.4)
Numbers of hygromycin resistant calli per million treated rice protoplasts are listed in 
the table. The values are averages of two independent experiments. Standard errors are 
in parentheses.
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APPENDIX B
LIST OF PLANT TRANSFORMATION
VECTORS AND RELATED PLASMIDS* 
Hygromycin Resistance Gene Cassettes
pUC-KESH
pHph#16
p35Hph#16
The EcoRI fragment in pUC4-KSAC was replaced by a synthetic 
linker KSAC-KESHII (30 mer).
The hph gene isolated from pLG90 as a 1.1 kb BamHI fragment 
was cloned in pBluescript The PstI and EcoRI sites on the hph 
gene were mutated using the oligonucleotides hph-1 and hph-2.
The mutated hph gene isolated from pHph#16 as a 1.1 kb BamHI 
fragment replaced the wild type hph gene in pTRA132.
p35Hph#16/HindIII A HindHI linker was inserted at the EcoRI site of p35Hph#16. A 
PstI hph cassette can be isolated.
pTRA141
pTRA150
pZWl
pZW2
pZW3
pTRA151
The HindHI hph cassette (CaMV 35S promoter-hph gene-tml 
terminator) was isolated from p35Hph#16/HindEH and cloned at 
the HindlH site of pUC-KESH.
A PstI linker was inserted at the EcoRI site of p35Hph#16.
Hph gene was isolated from pTRA141 and cloned at the BamHI 
site of pBluescript KS(-).
SacII site of the hph gene in pZWl was knocked out using the 
oligonucleotide hph-3.
The mutated hph gene isolated from pZW2 was put back to the 
original shuttle vector pEX-2 for test in E. coli cells.
The hph gene (PstI-, EcoRI-, SacII-) was isolated from pZW3 and 
replaced the hph gene (PstI-, EcoRI-, SacII+) in pTRA141.
'Constructs for other projects unrelated to this dissertation are not included.
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pZW5
pTRA154
pTRA155
pTRA156
pTRA138(KpnI+)
pTRA157
pActl-ZW l
pActl-ZW2
pZW6
pZW7
pZW8
pActl-ZW4
pAct-hph
The EcoRI-NcoI fragment of hph gene was deleted from pZW2. 
The rest was sequenced and it was found that the last codon of 
hph gene was GAA, not AAA.
Both BamHI sites in pTRA150 was knocked out by filling-in.
The 1.3 kb kanr gene was isolated from pUC4-KSAC and inserted 
at the PstI site of pTRA141.
Both BamHI sites in pTRA155 were knocked out by filling-in.
A Kpnl linker was inserted at the Bglll site downstream of CaMV 
35S-GUS fusion gene.
The 3 kb Kpnl fragment containing kanr and hph cassette was 
isolated from pTRA156 and inserted at the Kpnl site of 
pTRA138(KpnI+).
The 0.5 kb Sacl-Smal fragment containing the Actl 5’ intron and 
initial codon was isolated from pActl-D and cloned in pBluescript 
KS(+).
A Bell and a SacI sites were introduced immediately downstream 
of the initial codon of Actl gene in pActl-ZW l by 
oligonucleotide Atp-1 (28 mer).
A Bglll site was introduced 4 bp upstream of the initial codon of 
hph gene in pZW2 by oligonucleotide hph-4
The modified hph gene was isolated from pZW6 and was cloned 
at the BamHI site of pTRA105, a plant expression vector 
containing CaMV 35S promoter and tml terminator.
A Bglll site was inserted at the EcoRI site of pZW7. Bglll 
digestion of pZW8 yields hph gene-tml terminator.
The Bglll fragment isolated from pZW8 was cloned at the Bell 
site of pActl-ZW2. SacI digestion of pActl-ZW4 yields Actl 5’ 
intron-hph-tml terminator.
The SacI fragment isolated from pActl-ZW4 replaced the SacI 
fragment in pActl-D. This plasmid contains Actl upstream 
sequence, 5’ intron, hph coding sequence and tml terminator.
I l l
pUBl-hph The hph gene isolated from pTRA132 replaced the BamHI
fragment in pAHC18. This plasmid contains ubiquitin gene 
promoter, hph coding sequence and terminator.
Substitution Mutation Analysis of Gtl Proximal Promoter
Gtl.8 1.8 kb G tl promoter as an EcoRl-Bglll fragment was cloned i n
pBluescript vector. The Bgin site was introduced by site-directed 
mutagenesis 13 bp upstream of initial codon of Gtl gene.
pZW 10-6 EcoRI-Clal region of Gtl .8 was deleted. This plasmid contains Gtl
507 bp proximal promoter and was used for subsequent 
substitution mutagenesis.
Gtl5-1 Oligonucleotide Gtl5-1 was introduced in pZW10-6.
G tl5-2 Oligonucleotide Gtl 5-2 was introduced in pZW10-6.
Gtl5-3 Oligonucleotide Gtl5-3 was introduced in pZW10-6.
Gtl5-4 Oligonucleotide Gtl5-4 was introduced in pZW10-6.
Gtl5-5 Oligonucleotide Gtl5-5 was introduced in pZW10-6.
Gtl5-6 Oligonucleotide Gtl5-6 was introduced in pZW10-6.
Gtl5-7 Oligonucleotide Gtl5-7 was introduced in pZW10-6.
Gtl5-8 Oligonucleotide Gtl5-8 was introduced in pZW10-6.
G tl5-9 Oligonucleotide G tl5-9 was introduced in pZW10-6.
Gtl5-10 Oligonucleotide Gtl5-10 was introduced in pZW10-6.
G tl5-11 Oligonucleotide G tl5 -ll was introduced in pZW10-6.
G tl5-12 Oligonucleotide G tl5-12 was introduced in pZW10-6.
Gtl5-13 Oligonucleotide G tl5 -13 was introduced in pZW10-6.
Gtl5-14 Oligonucleotide Gtl5-14 was introduced in pZW10-6.
Gtl5-15 Oligonucleotide Gtl5-15 was introduced in pZW10-6.
Gtl5-16
Gtl5-7,9
Gtl5-7,14
Gtl5-7,16
Gtl5-7,9,14
Gtl5-7,9,16
Gtl5-7,14,16
Gtl5-7,9,14,16
G tl5-7,9,11,14,16
Gtl5-7,9,12,14,16
G tl 5-2,4
Gtl 5-4,7
p35Spt/KpnI+
KESH-35Spt/KpnI+
KESH-35Luc
KESH-GtLuc
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Oligonucleotide G tl5-16 was introduced in pZW10-6.
Oligonucleotides Gtl5-7,9 was introduced in pZW10-6.
Oligonucleotides Gtl5-7,14 was introduced in pZW10-6.
Oligonucleotides Gtl5-7,16 was introduced in pZW10-6.
Oligonucleotides Gtl5-7,9,14 was introduced in pZW10-6.
Oligonucleotides Gtl5-7,9,16 was introduced in pZW10-6.
Oligonucleotides Gtl5-7,14,16 was introduced in pZW10-6.
Oligonucleotides G tl5-7,9,14,16 was introduced in pZW10-6.
Oligonucleotides Gtl5-7,9,11,14,16 was introduced in pZW10-6.
Oligonucleotides Gtl5-7,9,12,14,16 was introduced in pZW10-6.
Oligonucleotides G tl5-2,4 was introduced in pZW10-6.
Oligonucleotides G tl5-4,7 was introduced in pZW10-6.
A kpnl linker was inserted between CaMV 35S promoter and tml 
terminator in pTRA105.
CaMV 35S promoter-tml terminator fragment in p35Spt/KpnI+ 
was isolated as a Hindin fragment after the EcoRI site was 
changed to Hindlll site by a Hindin linker. The Isolated Hindlll 
fragment was cloned at Hindin site of pUC-KESH.
The luciferase coding sequence was isolated as a BamHI-Smal 
fragment from pD0432 and cloned in KESH-35Spt/KpnI+ at 
BamHI and Smal sites between CaMV 35S promoter and tml 
terminator.
1.8 kb G tl promoter was isolated from Gtl.8 and replaced the 
CaMV 35S promoter in KESH-35Luc. The resulting reference 
gene (Gtl 1.8 kb promoter-luciferase coding sequence-tml 
terminator) can be isolated as a 3.9 kb Hindffl fragment.
pBlueHindffl- The Hindffl site of pBluesript KS(-) was knocked out by filling-in.
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pTRA627
pZW ll-3
pZW12-l
pZW14-l
pZW15-4
pZW16-3
pZW17-l
pZW18-7
pTRA331
pTRA332
pTRA333
pTRA334
A 2.0 kb EcoRI-BamHI legumin cDNA fragment isolated from 
pTRA625 was cloned in pBlueHindHI-. This fragment was just 
used as a stuffer here for following convenient cloning.
The 507 bp proximal Gtl promoter (ClaJ-Bgffl fragment) was 
deleted from Gtl.8, and a Hindlll linker was inserted at the 
deletion site.
The 1.3 kb Gtl upstream sequence isolated from pZW ll-3 as an 
EcoRI-Hindlll fragment was used to fuse with the stuffer fragment 
in pTRA627.
The Nsil site of the stuffer DNA in pZW12-l was knocked out 
after T4 DNA polymerase chewing.
The Kpnl site in the vector part of pZW14-l was turned into 
KpnI-Nsil-Kpnl sites after a KpnI-Nsil adaptor insertion.
The PstI hph cassette isolated from pTRA154 was inserted at the 
Nsil site of pZW15-4.
The 3.9 kb Hindlll fragment isolated from KESH-GtLuc was 
turned to Spel ends by a Hindlll-Spel adaptor, and was cloned at 
the Spel site of pZW16-3. The resulting plasmid contains hph 
cassette, G tl 1.3 kb upstream sequence, stuffer DNA, and 
luciferase gene under the direction of 1.8 kb Gtl promoter.
GUS coding sequence as a 2.2 kb BamHI-Bgin fragment from 
pTRA138 was inserted at the BamHI site of pZW17-l, 
downstream of stuffer DNA.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-1 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from Gtl 5-2 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-3 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from Gtl5-4 as a 0.55 kb Hindlll-Bglll fragment.
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pTRA335
pTRA336
pTRA337
pTRA338
pTRA339
pTRA340
pTRA341
pTRA342
pTRA343
pTRA344
pTRA345
pTRA346
pTRA347
pTRA348
pTRA349
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from Gtl 5-5 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-6 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-7 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-8 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from Gtl 5-9 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-10 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from Gtl 5-11 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from Gtl5-12 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-13 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-14 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from Gtl 5-15 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-16 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from Gtl 5-7,9 as a 0.55 kb Hindlll-Bgin fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from Gtl 5-7,14 as a 0.55 kb Hindlll-Bglll fragment.
The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-7,16 as a 0.55 kb HindM-Bglll fragment.
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pTRA350 The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from Gtl 5-7,9,14 as a 0.55 kb Hindlll-Bglll fragment.
pTRA351 The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-7,9,16 as a 0.55 kb Hindlll-Bglll fragment.
pTRA352 The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from Gtl5-7,14,16 as a 0.55 kb Hindlll-Bglll fragment.
pTRA353 The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-7,9,14,16 as a 0.55 kb HindEU-Bgin fragment.
pTRA354 The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from Gtl5-7,9,ll,14,16,as a 0.55 kb Hindlll-Bgin 
fragment.
pTRA355 The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from Gtl5-7,9,12,14,16 as a 0.55 kb HindlH-Bgin 
fragment.
pTRA356 The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-2,4 as a 0.55 kb Hindlll-Bgin fragment.
pTRA357 The stuffer DNA was replaced by mutated Gtl proximal promoter 
isolated from G tl5-4,7 as a 0.55 kb Hindlll-Bglll fragment.
pTRA358 The stuffer DNA was replaced by wild type Gtl proximal 
promoter from pZW10-6, resulting in a double gene vector 
containing GUS reporter gene and luciferase reference gene, both 
under control of 1.8 kb Gtl wild type promoter.
Interna] Deletion Analysis of G tl Distal Upstream Sequence
Gt5.1
Gtl.8.
The far distal 3.25 kb Gtl upstream sequence isolated as a Kpnl- 
EcoRI fragment was fused to the 1.8 kb promoter fragment in
pZW33 0.43 kb BssHD fragment was deleted from Gt5.1.
pZW34 0.99 kb KpnI-BssHII fragment was deleted from Gt5.1.
pZW35 0.86 kb Apal-BspEI fragment was deleted from Gt5.1.
pZW36 0.44 kb BspEI-NedI fragment was deleted from Gt5.1.
pZW37
pZW39
pZW40
pZW42
pZW43
pZW44
pZW45
pZW47
pTRA361
pTRA362
pTRA363
pTRA364
pTRA365
pTRA366
pTRA367
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1.72 kb Aval fragment was deleted form Gt5.1.
0.7 kb Pstl-EcoRI fragment was deleted from Gt5.1.
1.1 Clal fragment was deleted from Gt5.1.
0.5 kb EcoRI-AccI fragment was deleted from pZW37.
1.27 kb EcoRI-Ndel fragment was deleted from Gt5.1.
1.72 kb Apal-Aval fragment was deleted from Gt5.1.
2.7 kb Apal-AccI fragment was deleted from Gt5.1.
2.0 kb Pstl-Ndel fragment was deleted from Gt5.1.
A BamHI-Bglll fragment containing GUS coding sequence-kanr- 
hph cassette was isolated from pTRA157 and cloned at Bglll site 
of pZW33.
A BamHI-Bglll fragment containing GUS coding sequence-kanr- 
hph cassette was isolated from pTRA157 and cloned at Bglll site 
of pZW34.
A BamHI-Bglll fragment containing GUS coding sequence-kanr- 
hph cassette was isolated from pTRA157 and cloned at Bglll site 
of pZW35.
A BamHI-Bglll fragment containing GUS coding sequence-kanr- 
hph cassette was isolated from pTRA157 and cloned at Bglll site 
of pZW36.
A BamHI-Bglll fragment containing GUS coding sequence-kanr- 
hph cassette was isolated from pTRA157 and cloned at Bglll site 
of pZW37.
A BamHI-Bglll fragment containing GUS coding sequence-kanr- 
hph cassette was isolated from pTRA157 and cloned at Bglll site 
of pZW44.
2.1 kb StuI fragment of Gt 5.1 kb promoter was deleted from 
pTRA311 which contains 5.1 kb promoter-GUS fusion gene.
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pTRA368
pTRA369
pTRA370
pTRA371
pTRA372
pTRA373
pTRA374
pTRA375
A BamHI-Bglll fragment containing GUS coding sequence-kanr- 
hph cassette was isolated from pTRA157 and cloned at Bglll site 
of pZW39.
1.1 kb AccI fragment of Gt 5.1 kb promoter was deleted from 
pTRA311 which contains 5.1 kb promoter-GUS fusion gene.
A BamHI-Bglll fragment containing GUS coding sequence-kanr- 
hph cassette was isolated from pTRA157 and cloned at Bglll site 
of pZW42.
A BamHI-Bglll fragment containing GUS coding sequence-kanr- 
hph cassette was isolated from pTRA157 and cloned at Bglll site 
of pZW45.
3.7 kb KpnI-AccI fragment of Gt 5.1 kb promoter was deleted 
from pTRA311 which contains 5.1 kb promoter-GUS fusion gene.
A BamHI-Bglll fragment containing GUS coding sequence-kanr- 
hph cassette was isolated from pTRA157 and cloned at Bglll site 
of pZW40.
A BamHI-Bglll fragment containing GUS coding sequence-kanr- 
hph cassette was isolated from pTRA157 and cloned at Bglll site 
of pZW43.
A BamHI-Bglll fragment containing GUS coding sequence-kanr- 
hph cassette was isolated from pTRA157 and cloned at Bglll site 
of pZW47.
G tl Promoter-Phaseolin Fusion Genes
Gtl.8-hph
pTRA631
pTRA632
A SacII hph cassette was isolated from pTRA141 and inserted at 
SacII site of Gtl.8.
A 2.95 kb EcoRI-BamHI fragment containing 6-phaseolin genomic 
coding sequence and 3’ downstream sequence was isolated from 
pKSIIIKB3.8#7, and cloned in pBluescript KS(+). A Bglll site was 
introduced immediately upstream of initial codon by site-directed 
mutagenesis.
An EcoRI-BamHI fragment containing B-phaseolin cDNA coding 
sequence and 3’ downstream sequence was isolated from AG- 
pPVph3.8/cDNA, and cloned in pBluescript KS(+). A Bglll site
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pTRA635
pTRA636
pTRA321
was introduced immediately upstream of initial codon by site- 
directed mutagenesis.
The phaseolin native promoter isolated as a 1.3 kb EcoRl-Hindlll 
from AG-pPVph3.8/cDNA was fused to the phaseolin genomic 
coding sequence in pTRA631.
The phaseolin native promoter isolated as a 1.3 kb EcoRl-Hindlll 
from AG-pPVph3.8/cDNA was fused to the phaseolin cDNA 
coding sequence in pTRA632
A SacII hph cassette isolated from pTRA141 was inserted at SacII 
site of pTRA635. This plasmid contains native phaseolin promoter- 
genomic coding sequence.
pTRA322 A SacII hph cassette isolated from pTRA141 was inserted at SacII 
site of pTRA636.This plasmid contains native phaseolin promoter- 
cDNA coding sequence.
pTRA323 The Bgin fragment containing phaseolin genomic coding sequence
and downstream sequence was isolated from pTRA631 and cloned 
at the Bgin site downstream of Gtl 1.8 kb promoter in Gtl.8-hph.
pTRA324 The Bglll fragment containing phaseolin cDNA coding sequence
and downstream sequence was isolated from pTRA632 and cloned 
at the Bglll site downstream of Gtl 1.8 kb promoter in Gtl.8-hph.
Gt5.1-hph A Kpnl hph cassette isolated from pTRA141 was cloned at the
Kpnl site of Gt5.1. Divergent orientation of hph and Gtl promoter 
was selected.
pTRA327 The Bgin fragment containing phaseolin genomic coding sequence
and downstream sequence was isolated from pTRA631 and cloned 
at the Bglll site downstream of Gtl 5.1 kb promoter in Gt5.1-hph.
pTRA328 The Bglll fragment containing phaseolin cDNA coding sequence
and downstream sequence was isolated from pTRA632 and cloned 
at the Bglll site downstream of Gtl 5.1 kb promoter in Gt5.1-hph.
G tl Promoter-Legumin Fusion Genes
pTRA611 540 bp PstI fragment containing pea 11S legumin carboxyl
terminal coding sequence and 3’ downstream untranslated
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pTRA612
pTRA614
pTRA615
pTRA616
pTRA617
pTRA618
pTRA620
pTRA624
pTRA625
pTRA627
pTRA628
sequence was isolated from legumin genomic clone pP6, and 
cloned in pBluescript KS(-).
250 bp Pstl-Xhol fragment containing legumin 5’ untranslated 
sequence and N-terminal coding sequence was isolated from pP6, 
and cloned in pBluescript KS(-).
A Bglll site was introduced 6 bp upstream of legumin initial 
codon in pTRA612 by site-directed mutagenesis.
PstI fragment containing the legumin cDNA coding sequence was 
isolated from cDNA pPS15-75, and cloned in pBluescript KS(-). 
Both ends of the cDNA fragment was sequenced, and it was found 
this cDNA clone lacks die N-terminal coding sequence upstream 
of +145 relative to the initial codon.
Sequence from Xhol site to +144 was introduced by 
oligonucleotide LGP-2 (60 mer) in pTRA615, which was designed 
from the corresponding genomic coding sequence.
250 bp Pstl-Xhol fragment isolated from pTRA614 was fused to 
365 bp XhoI-PstI fragment isolated from pTRA611, and the 
resulting 615 bp PstI fragment was cloned in pBluescript KS (-).
The Xhol site of multiple cloning sites was knocked out from 
pTRA617.
Xhol fragment containing all three introns of genomic coding 
sequence was isolated from pP6, and cloned in pBluescript KS(-).
The Xhol-Ndel fragment in pTRA620 containing the all three 
introns was replaced by the corresponding cDNA sequence isolated 
from pTRA616.
The recombinant Xhol fragment isolated from pTRA624 was 
cloned in pTRA618, thus intact legumin coding sequence was 
created, which can be isolated as a 1.86 kb BglO-BamHI fragment.
The Hindffl site of the multiple cloning sites in pTRA625 was 
removed by moving the insert to pBlueHindffl-.
The Hindffl-BamHI fragment of cDNA coding sequence in 
pTRA627 was replaced by the corresponding genomic coding 
sequence spanning all three introns which was isolated from pP6.
120
pTRA629
pTRA325
pTRA326
pTRA630
pTRA329
pTRA330
1.8 kb G tl promoter isolated as an EcoRI-Bglll fragment from 
Gtl.8 was fused to legumin genomic coding sequence and 3’ 
downstream signals at Bglll site in pTRA628.
A SacII hph cassette isolated from pTRA151 was cloned in 
pTRA629, resulting in final plant transformation vector, in which 
legumin genomic coding sequence was under control of 1.8 kb Gtl 
promoter.
1.86 kb Bglll-BamHI fragment containing legumin cDNA coding 
sequence and 3’ downstream sequence was isolated from 
pTRA625, and cloned in Gtl.8-hph at Bglll site, resulting in final 
plant transformation vector, in which legumin cDNA coding 
sequence was under control of 1.8 kb Gtl promoter.
3.25 kb KpnI-EcoRI Gtl distal upstream sequence was fused to 
the 1.8 kb Gtl promoter in pTRA629.
A Kpnl hph cassette isolated from pTRA141 was cloned in 
pTRA630, resulting in final plant transformation vector, in which 
legumin coding sequence was under control of 5.1 kb Gtl 
promoter.
1.86 kb Bglll-BamHI fragment containing legumin cDNA coding 
sequence and 3’ downstream sequence was isolated from 
pTRA625, and cloned in Gt5.1-hph at Bgin site, resulting in final 
plant transformation vector, in which legumin coding sequence 
was under control of 5.1 kb G tl promoter.
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